MOLECULAR 
BASIS 
OF 
MEMORY 


EDWARD M.GUROWITZ 


— i a S 


Hee 
THE 


MOLECULAR BASIS 
OF MEMORY 


EDWARD M. GUROWITZ, Ph.D. 


PRENTICE-HALL, Inc., Englewood Cliffs, New Jersey 


S.C.E R.T.. West Bengal 


Date. | — 3 = A 


Acc. No..23 2] 


ee sea 


To NANCY and AMY 


Copyright © 1969 by PRENTICE-HALL, Inc. 
Englewood Cliffs, New Jersey 


All rights reserved. No part of this book ` 
may be reproduced in any form or by any means 
without permission in writing from the publisher. 


Library of Congress Catalog Card Number: 68-57208 
PRINTED IN THE UNITED STATES OF AMERICA 


Current Printing (last digit): 
1098765432 


Prentice-Hall International, Inc. (London) 
Prentice-Hall of Australia, Pty. Ltd. (Sydney) 
Prentice-Hall of Canada, Ltd. (Toronto) 
Prentice-Hall of India Private Ltd. (Vew Delhi) 
Prentice-Hall of Japan, Inc. (Tokyo) 


PREFACE 


In this review I have attempted to bring together evidence on the nature of memory from 
a variety of disparate sources, including psychology, neurology, biochemistry, and others. 
The area of study which concerns itself with the chemical or molecular basis of memory is a 
relatively new one, and is still very much in progress; much work, for example, has been 
published during the interval between completion of the manuscript in January, 1968, and 
the time of this writing. I have, however, attempted to review critically the work done up 
until this time, and to form some theoretical framework of the apparently chaotic mass of 
data. 

This book is written for use both by students of psychology and of other disciplines at 
the undergraduate level and beyond. As such, it presupposes only a minimal knowledge of 
the principles of conditioning and learning as can be obtained from any good introductory 
psychology text. A chapter on the basic biochemical principles involved in this work is in- 
cluded for those readers whose background in this area may be weak. It is my hope that 
this chapter might serve double duty as a ready reference for structural formulas, etc., for 
all readers. 

The author finds himself indebted to far more people than can be acknowledged. In 
certain cases, however, the extent of this indebtedness is so great that mention must be 
made. I am, first of all, most grateful to James Ison for his guidance and for his many 
critical readings of the manuscript. The suggestions of Michael Davidson and Lowell 
Glasgow are also appreciated. Mention must also be made of the help and support I re- 
ceived from David Gross and from my brother, William Gurowitz. Much of the final 
writing of this book was done during the course of an NIMH postdoctoral traineeship at 
the University of Illinois College of Medicine, and I am grateful to Arthur Kling for his 
assistance during this time. : 

I further wish to acknowledge the kindness of the following journals and publishers for 
their permission to quote from various articles and books: John Wiley and Sons, Blackwell 
Scientific Publications, Psychopharmacologia, Science, The Psychonomic Press, Texas Re- 
ports in Biology and Medicine, Comparative Psychology Monographs, International Journal 
of Neuropsychiatry, and Proceedings of the National Academy of Sciences. 
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INTRODUCTION 


Psychologists have long been interested in the problems of learning, memory, 
and recall, or as they have sometimes been called in recent years, information 
encoding, storage, and retrieval. A variety of theories have been proposed as to 
how information is stored in the nervous system and most of these, until 
recently, held that some sort of structural neural alteration took place in the 
brain. More recently, however, a new type of theory has come into prominence 
which gives changes in brain chemistry a central role in memory storage. Such 
chemical theories have found much supportive evidence in the research of the 
past decade, especially that of the past five years. 

This review will trace the various strands of evidence on the chemical basis of 
memory and learning, and will attempt to draw some conclusions from the often 
contradictory data. The organization of the review will be as follows. In Chapter 
I, the evidence which led to the view that memory might have a chemical basis 
will be reviewed, and arguments will be presented to support the view that 
memory has two components based on its time course, and that one of these, 
namely, long-term memory, is chemical in nature. 

The form that this chemical basis might take and the criteria for evaluating 
possible candidates for the role of memory substrate will be discussed in Chapter 
Il. Chapter III constitutes a review of basic biochemical concepts and 
mechanisms which might be involved in memory. 

Current evidence for the chemical basis of memory and learning has come 
mainly from two sources. In the first, the experimenter attempts to alter the 
metabolism of a suspected memory substrate and then tests for the effects of 
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this intervention on learning or memory. Another related procedure involves 
first training subjects on a task and then testing for any effects of this training 
on particular chemicals in the brain. In the second, the experimenter trains 
animals on a task and then injects the brains of these animals into naive animals, 
which are then tested for learning on the same task. In this second procedure the 
investigator may extract a particular chemical he believes might be the memory 
substrate, he may remove this chemical, or he may inject an undifferentiated 
homogenate, subsequently testing this to find the active agent. The first type of 
study, which is directed toward the delineation of a single possible substrate, will 
be discussed in Chapters IV, V, and VI for DNA, RNA, and protein respectively. 
The second type, or inter-animal transfer of learning study, will be reviewed in 
Chapter VII. I will attempt a synthesis of the work reviewed to provide an 
overview of the area as a whole in Chapter VIII. 


chapter 


I 


EVIDENCE FOR A 
CHEMICAL BASIS 


FOR LEARNING 
AND MEMORY 


The mammalian brain is composed of some billions of nerve cells all more or 
less alike which, we assume, contribute to behavior and to "mental activity" by 
their patterns of firing. It is this assumption which underlies the research in the 
field variously known as neuropsychology psychobiology, physiological 
psychology, or some equivalent term. In view of this background it is not 
surprising that the first of the latter-day theories of learning and memory 
considered these processes to be based in some form of ongoing electrical 
activity. These theories (e.g., Hebb, 1949; Lashley, 1950) will not be individually 
reviewed here, but a few of their common characteristics should be noted. Many 
of these theories attributed the learning process to some sort of neural circuit 
activated by the association of stimulus and response, generally through their 
contiguous occurrence. It followed that memory consisted of the maintenance, 
by some means, of activity in these circuits over time. The theorists then went 
on to treat problems such as the localization of this circuit or engram, the 
temporal factors in its establishment and maintenance, and the like, always 
taking the basic assumption for granted. Beginning in the 1940's, however, this 
assumption came to be doubted as the result of a series of experimental tests. 


Studies Using Electroconvulsive Shock 


If learning and memory were dependent upon ongoing neural activity, then it 
should be possible to disrupt memory by interference with this activity, In 1948, 
Duncan reported a series of studies using electroconvulsive shock (ECS) as a 
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means of “scrambling” brain electrical activity. The ECS procedure involves the 
passage of a brief electric current across the brain, usually by means of 
electrodes attached to the ears or the scalp or either side of the skull. A 
convulsive seizure, usually followed by unconsciousness, occurs as a result of the 
shock (Deutsch and Deutsch, 1966). The general paradigm for these studies is as 
follows. First groups of animals are trained on a simple learning task to some 
criterion; then, at varying intervals after criterion is attained, the groups receive 
some treatment, in this case ECS, and finally a retention measure is taken. 
Duncan administered ECS at intervals from 40 sec. to 14 hr. after each trial of 
an avoidance problem in which rats were given one trial per day for 18 days. He 
found that if ECS was given one hour or more after the trial there was no effect 
on learning, whereas ECS given up to 15 min. after trials did show a deleterious 
effect. 

Thompson and Dean (1955) pointed out that in the procedure used by 
Duncan the inference that disruption of memory was accomplished is 
complicated by two factors. First, the 18 daily convulsions may have had a 
cumulative effect, and second there may have been a punishing effect on animals 
receiving ECS shortly after the trial. That is, the ECS may have induced aversive 
properties to the goal box. Thompson and Dean attempted to circumvent these 
difficulties by use of a massed practice training procedure, again in an avoidance 
task, followed by a single ECS after the subjects reached criterion. ECS was 
administered at intervals from 10 sec. to 4 hr., and resulted in an increasing 
savings function with only the 4 hr. group reaching the savings level of control 
Ss. It should be noted here that the time intervals within which ECS was 
effective in Thompson and Dean’s study do not agree with those of Duncan or 
of a further study by Gerard which they cite. Although all three find ECS 
effective at short intervals, they do not agree on the maximum length of time 
that may elapse between learning and convulsion. Thompson and Dean 
attributed this to a number of possible factors, such as number of trials. They 
interpreted their results, as well as those of Duncan and of Gerard, as evidence for 
the disruption of perserverative or reverberatory neural activity during an initial 
short period of fixation. This seems comparable to Müller and Pilzecker's earlier 
notion of a consolidation phase for memory (Grossman, 1967). 

Coons and Miller (1960) also raised the problem of ECS acting as à 
fear-inducing punishment in the goal box. Thompson and Dean attempted to 
minimize this problem through the use of only a single ECS. Madsen and 
McGaugh (1961), by employing a step-down type of passive avoidance response 
(PAR), succeeded in eliminating this as a source of confounding. In the PAR 
procedure, the deprived animal is first trained to receive food (or water) at a 
particular location, and is then shocked while feeding at this location. Given a 
shock of sufficient intensity, the animal learns (often after a single shock) to 
avoid the food dish. Thus, a sort of “one-trial learning” is established. The study 
of Madsen and McGaugh was based on the premise that if ECS interferes with 
memory then rats should continue to make the response which was punished 
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and followed by ECS. “If, however, ECS affects performance by inducing fear, 
Ss given an ECS following a response punished by shock should tend not to 
make the punished response. on a subsequent test” (p.522). That is, the use of 
the PAR puts the two possible effects of ECS in opposition in terms of their 
effect on the animal’s performance. Their results, based on 96 subjects, support 
the memory-interference hypothesis, rather than the fear-induction one. 

Chorover and Schiller further investigated the amnesic effects of ECS and the 
problem of its aversive effects. In their first study (1965), they compared the 
results of single and repeated ECS, .5-60.0 sec. after single PAR trials. Here they 
confirmed the earlier findings of an inverse relationship between ECS-delay and 
memory impairment. Impairment, however, occurred only at the shortest 
(0.5-10.0 sec.) intervals in contrast to the much longer intervals observed in the 
earlier studies. In investigating the aversive effects of ECS, they found that these 
effects did not seem to develop after a single ECS, but seemed to require 
repeated convulsions. They assert that ECS must be repeated in order to 
establish a classically conditioned aversive response. 


Since successful conditioning presumably requires that S "remember" the 
CS, it is only when delay interval is increased up to 10 sec. (i.e, to the 
apparent limits of the [retrograde amnesia] that it becomes possible for 
the aversive consequences of the ECS to be conditioned to antecedent 


stimuli in the test situation (p. 77). 


Chorover and Schiller thus conclude that ECS induces a brief retrograde 
amnesia (RA), but provide no answer for the problem raised by the lack of 
accord between their results and those of earlier studies. 

In a later study (Chorover and Schiller, 1966), the same authors obtained 
evidence contradicting these earlier results. In a replication of a study by Bures 
and Burešová (1963), to be discussed below, they found that ECS did not induce 
the shortlasting RA of their 1965 study, but what appeared to be a 
longer-lasting RA. In three subsequent experiments reported in the same paper 
they presented evidence to indicate that passive avoidance in this type of 
situation does not necessarily involve learning and retention of a response to a 
specific set of cues, but rather of a generalized conditioned emotional response 
(CER) to the whole experimental situation. This CER results in decreased 
locomotion (“freezing”), which facilitates PAR performance. ECS, Chorover and 
Schiller feel, somehow disinhibits the animal and normal exploratory behavior 
manifests itself as a PAR deficit. The evidence they present for this view is that 
the Bures technique, which uses confinement training, capitalizes on the fact 
that exploratory activity is suppressed during confinement training and that ECS 


reduces this suppression. Furthermore 


When the CER-inducing procedure...is replaced by... [a] paradigm that 
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allows escape from foot shock,... convulsed animals no longer manifest 
the long-term disruptive effect (p.40). 


These considerations, along with their previous (1965) finding that a 
step-down PAR yields only a brief RA, led Chorover and Schiller to the 
conclusion that much of the long-term amnesic effect of ECS is due to motor 
disinhibition. It is important for our purposes to note that these authors do not 
reject the notion that ECS interferes with memory but propose that 
ECS-induced RA is only of very brief duration: "..the period required for 
initiating the structural encoding of memory traces probably does not exceed a 
few seconds" (p.41). Whether this is the case is open to debate, as we shall see. 
What is most important about this evidence, however, is that it seems to clearly 
establish that insofar as the ECS data are concerned there is a period, of as yet 
indeterminate length, immediately following learning when memory encoding is 
liable to attack by the disruption of brain electrical activity. Perhaps of more 
relevance to the problem of this review is the fact that after this period, 
ECS-produced interference with the presumed electrical activity has no effect on 
memory. 


Studies Using Other Means of Disrupting Memory 


Other means than ECS have been used to disrupt brain electrical activity. 
Gerard (1953) and Andjus et al. (1956) investigated both anterograde and 
retrograde effects of severe hypothermia in rats. In the latter study it was found 
that cooling rats down to 0° to 1°C severely impaired subsequent learning of a 
maze problem. Hypothermia at this level results in complete arrest of heart beat, 
circulation, and respiration, with cerebral activity arrested for some 2 hours or 
more. Although they do not indicate the intervals they used, they state that the 
impairment was greatest at the shortest intervals between cooling and training 
(less than 2 hours). Retrograde effects, i.e, the effects on retention, are not so 
clear in this study. Although there was no significant effect of cooling on 
retention the authors emphasized a strong trend in this direction and concluded 
that their results are difficult to explain if it is assumed that long term memory 
is dependent upon continuous brain activity. It should be noted that this work 
was done with rats which are homoiothermic, nonhibernating animals, whose 
systems are not well suited to the methods of cryobiology. Gerard (1963)cited 
similar work done with hamsters, which are hibernators, which indicates again 
that interference with brain electrical activity is not adequate to disrupt 
long-term or well-established memory. 

In 1961, Pearlman, Sharpless, and Jarvik investigated the amnesic effects of 
convulsions induced by the drug pentylenetetrazol (Metrazol), and of anesthesia 
induced either by ether or by intravenous administration of sodium 
pentabarbitol. The learning task was one in which Ss were first trained to bar 
press for water and then given a single electric shock through the bar which 
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results in suppression of the bar press. This was taken as demonstration of a 
conditioned emotional response. They found that “surgical anesthesia severely 
impaired the retention...if induced within 10 to 15 min. after the learning trial” 
(p.111). Not only was the Metrazol convulsion effective in abolishing the 
response up to 8 hr., but it also depressed the response even after 4 days. These 
authors felt that the impairment which occurred hours or days after the learning 
trial was probably induced in some way different from that which occurs shortly 
after learning. They drew an analogy between this situation and that of 
post-convulsive human patients who often show temporary memory 


derangement. 
Cortical spreading depression (CSD) has also been used to attempt to disrupt 


memory. The first major study on this was that of Bureš and Burešová (1963), 
which compared the effects of ECS and CSD, both given at 1 min. or 2 hr. after 
learning either a reversal of a left-right discrimination or of a PAR. In both cases 
both ECS and CSD disrupted the new memory at both time intervals. ECS 
always had the greater effect, and the effect of both treatments at 2 hr. was 
much weaker than at 1 min. We have already discussed Chorover and Schiller’s 
(1966) motor disinhibition criticism of the PAR/ECS aspect of this work (cf. p. 
5 above). Several arguments against this criticism should be noted at this time. 
First, even if Chorover and Schiller’s explanation is correct for the PAR situation 
employed by Bures, it does not explain the results on discrimination reversal, 
where it is not readily apparent how motor disinhibition would be involved. 
Second, Bures and Buresová's results with CSD on the PAR were qualitatively 
similar to their results with ECS. Although it does not seem unreasonable that 
ECS with its resulting firing of millions of neurons might cause hyperexcitation 
and thence motor facilitation, one would expect CSD, which has a depressant 
effect, to do the opposite. Behaviorally then, by Chorover and Schiller's view, 
ECS should lead to impairment of the PAR whereas CSD should not. The data 
of Bureš and Buresová provide quite the opposite result. In a recent paper 
Schneider (1967) reviews the more recent work on CSD and memory and arrives 
at the curious conclusion that CSD does not prevent memory storage, but rather 
displaces it to non-depressed subcortical areas. The data indicate that when CSD 
interferes with memory (ie, when it is given shortly after learning), the 
impairment is permanent, with no spontaneous improvement. If Schneider is 
correct, one must assume that displacement to subcortical structures is 


tantamount to prevention of storage since in neither case is there recovery. 


Given these data there seems to be little basis for Schneider’s conclusion. 

Despite discrepancies about such matters as the length of time during which 
treatment is effective in disrupting memory, the work on the effects on memory 
of interference with electrical activity can be placed within a coherent 
framework. First of all it is apparent that there is a period immediately 
subsequent to learning when memory is liable to attack, although the exact 
length of this period has been variously estimated from 10 sec. to 24 hr. Second 
it is clear that after this period has elapsed interference with brain electrical 
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activity has no effect on memory. Thus, while the older theories of memory, 
which emphasize ongoing neural/electrical activity, may still explain recent or 
short-term memory, long-term memory is dependent upon some other process. 

In the next chapters, after discussing the theoretical and biochemical 
requirements for a memory molecule, we shall review the evidence supporting 
the role of specific chemical substances in memory and learning. 


chapter 


TI 


THE NATURE 
OF THE 
MEMORY MOLECULE 


Behavioral events, as we have noted, must ultimately be the result of nervous 
system activity. Thus, even though we may conclude that most of memory is not 
dependent upon ongoing neural activity, it must somehow affect neural activity 
if learning is to be translated into performance. Since synaptic transmission 
comprises a most important aspect of nervous function this seems a likely site 
for the interface between memory and performance. The fact that transmission 
at the synapse is chemical in nature is one major reason for the belief that 
memory, if it is not based on ongoing neural activity, may be chemical in nature. 
Another factor contributing to this view is the rise to prominence in the last 15 
years of the field of molecular biology. With the elucidation of the genetic code 
as a chemical "message" on the DNA helix, it was a short step to the idea that if 
genetic information is stored and utilized chemically, perhaps other, e.g., 
learned, information is stored in a similar manner. It is this sort of evidence 
which has led, in the last decade and a half, to the view that memory, or at least 
established memory, is probably the result of some chemical alteration. 


Molar Approaches 


memory is somehow encoded and stored by chemical 
means, one comes to the problem of the nature of this chemical code. There are 
iwo ways to approach this problem. The first, termed by Gaito and Zavala 
(1964) the molar approach, looks at the synapse itself to find the changes 
involved in memory and stems from the fact that behavior is the result of 


Given the premise that 
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synaptic activity. It is this approach which has led to the work of Krech’s group, 
which has primarily investigated acetylcholine (ACh) and acetylcholinesterase 
levels (these chemicals being critical in synaptic transmission) in the brain as a 
function of the experience of the organism. The work of this group has not 
attacked the problem of the chemical basis of memory directly, but has shown 
that experiential factors can profoundly affect the structural and biochemical 
development of the brain. 

Another form of the molar approach is that of Overton (1959) who holds 
that learning is facilitated by a decrease in calcium ion concentration at the 
synapse and retarded by an increase. Overton’s view is that there is set up in 
learning a reverberating circuit which must last 30 seconds in order for memory 
to “set,” this latter process being the result of displacement of calcium ion from 
the synapse by the acetic acid product of ACh hydrolysis, thereby making it 
difficult for further change to take place in that synapse. 

Although there is some (largely indirect) evidence to support the molar views, 
Gaito and Zavala (1964) point out two major difficulties in this approach. First, 
both the Krech and the Overton theories are based on the view that the gross 
assay measures they employ are actually reflecting the concentrations of 
chemicals operating at the synapse. The validity of this assumption is open to 
question in view of the lack of refinement of present methodology. Second, the 
molar views deal strictly with excitatory phenomena, and further, with only one 
supposed neural transmitter, namely acetylcholine. The wisdom of this exclusive 
concern with ACh is dubious in light of the present view that there may be not 
one but many neural transmitters (cf. McLennan, 1963). The preoccupation 
with excitatory processes is not a new one—much of the early neurological 
work on learning (e.g. Hebb, 1949) dealt only with excitation and viewed 
inhibition as a lack of facilitation. The more modern view of the nervous system 
has come to recognize inhibition as an important process (as did Pavlov). Certain 
chemicals, notably gamma-amino butyric acid, have been identified as possibly 
serving the role of inhibitory transmitters (McLennan, 1963). Additionally, 
certain parts of the nervous system, e.g., Renshaw cells, are now recognized as 
inhibitory centers (Ochs, 1966). Indeed, one school of thought holds that the 
nervous system operates exclusively by inhibitory processes with facilitation 
operating as a double negative process of inhibition of inhibitors (cf. Ruch, 
Patton, Woodbury and Towe, 1965). In view of this, the exclusive concern of 
the molar approach with excitatory process is questionable. 


Molecular Approaches 


A second approach is that which Gaito and Zavala (1964) characterize as the 
molecular view. Katz and Halstead, in 1950, suggested that neurons contain 
protein molecules in random configurations which become ordered by impulses 
coming into the neuron. More recently interest has focused upon the nucleic 
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acids, and still more recently, it has shifted back to proteins. After establishing 
criteria for the evaluation of the various candidates for the role of memory 
molecule we shall review in the ensuing chapters the evidence on some of the 
foremost contenders. Various investigators (e.g., Gaito, 1963; Dingman and 
Sporn, 1964) have set up lists of criteria for the memory molecule. The 
following is in part a synthesis of these lists, along with key words for each 
criterion: 


1. Lability the molecule must be able to be affected by extra-organismic 
agents, so that information in the form of input to the CNS can be 
processed and stored. 

2. Stability or replicability—the molecule, once changed, must either be 
stable in order to permanently store the information, or it must be able to 
be replicated exactly, which would have the same end result. 

3. Size-the molecule must be of sufficient size and complexity to encode 
complicated information within itself. 


Besides these specific criteria, there are more obvious ones, e.g presence in the 
central nervous system, known role in neural metabolism, etc. 

In addition to these criteria known facts about memory strongly suggest some 
heterogeneous macromolecular substrate. While less complex molecules than the 
nucleic acids and proteins might conceivably fulfill the three criteria—even that 
of size—it is difficult to conceive of how a molecule such as CgHy (octane) 
could encode information—any rearrangement of the carbon or hydrogen 
atoms leads to a substance identical to the original. In order to form meaningful 
rearrangements, it is necessary to add other parts, e.g., amine groups, phosphate 
groups, hydroxyl ions, etc., to the system, and it is desirable, as well, to work 
with larger functional units than single atoms, ions, or radicals. 

It is in the complex sequences of bases, nucleosides, and amino acids (see 
Chapter III) of the nucleic acid and protein molecules that there is adequate 
storage space for information. Crick (1954) has stated that if information is 
stored in the DNA molecule in "words" composed of 3-base sequences, the 
possible combinations of “words” is in the millions. Further, nucleic acids and 
proteins are highly replicable, and, with the possible exception of DNA, are 
quite liable to change by environmental influences. The attractiveness of nucleic 
acids and proteins as possible memory molecules has led to three separate but 
related lines of research in the last few years, investigating memory functions of 
RNA, DNA, and proteins. 

A word of caution must be injected at this point. For a number of reasons, to 
be noted below, ít is both convenient and appropriate for this review to 
concentrate on single substances as potential memory molecules. The possibility 
must be noted, however, that the memory substrate might consist not of a single 
molecule, but of a molecular complex or system consisting of several nucleic 
acids and/or proteins acting together. By far the greatest amount of research and 
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theorizing to this time has, however, been concerned with single molecule 
models, and so we shall concentrate our discussion on these. It is, however, well 


to note that as researchers in this area are becoming more sophisticated, so too 
are their models. 


chapter 


III 


BASIC 
CHEMICAL 
CONSIDERATIONS 


Proteins and nucleic acids, because of the extremely large size of their 
molecules, are termed macromolecular substances. Both of these types of 
chemicals are essential to life and normal metabolism. At this time we shall 
briefly review some of the basic facts about their structure and function. 


Proteins 


Proteins comprise a wide variety of the most complex chemical substances in 
the body. All have in common large amounts of nitrogen and the presence of 
simpler compounds called amino acids of which the proteins are made up. 
Amino acids, of which there have been some 20 to 30 isolated to date, take the 
chemical form RCH(NH;)COOH where R may be any organic radical (or, as in 
the case of glycine, the simplest amino acid, R may be hydrogen). 

Amino acids combine by means of peptide bonds in which the alpha amino 
group of one amino acid attaches to the alpha carboxyl group of another (with 
the elimination of a water molecule) to form an amide linkage. The resulting 
compound is a protein intermediate called a peptide; these conjugate to form 
polypeptide chains and proteins (White, Handler, and Smith, 1959). The nature 
and chemical activity of a protein are determined not only by the identity of its 
constituent amino acids and by their relative quantities, but also by the sequence 
into which these are arranged. 

Proteins are generally classified. into five classes on the basis of their 


solubility. More important for our purposes is the distinction which is generally 
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made between “simple” proteins, ze , those which decompose completely into 
their constituent amino acids, and “conjugated” proteins which are formed by 
the interaction of proteins with nonprotein organic compounds. These yield on 
decomposition compounds known as “prosthetic groups.” The nucleoproteins 
implicated in chemical theories of learning and memory are of the conjugated 
types, and the nucleic acids are prosthetic groups (White ef al., 1959). 

~ Further mention should be made of enzymes, an important class of proteins 
which function in cell Systems as catalysts. They have been characterized by 
Fruton and Simmonds ( 1958) as the machinery whereby cellular raw materials 
are converted into the complex products needed for metabolism Enzymes are, 
in general, highly specific in their catalytic function. The enzyme ribonuclease ' 
(RNase), for example, has as its sole function the cleavage of RNA at the 
phosphate linkage (see below). Another important class of enzymes is the 
proteases, the function of which is cleavage of protein molecules into their 
constituent groups. 


Nucleic Acids 


Nucleic acids are made up of three basic units: sugars, bases, and phosphate 
molecules. 


Sugars 
The nucleic acids contain as their Sugar components pentoses, or five-carbon 


sugars. Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) differ, as the 
names imply, in the form of the sugar molecule. Figure 1a shows the structure of 
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Fig. la: Structures of ribose (left) and deoxyribose (right). 
b: Prototype forms of pyrimidine (left) and purine (right). 
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ribose and deoxyribose, and it can be seen that the only difference occurs at the 
number 2 carbon. In ribose there is a hydroxyl group, whereas in deoxyribose 
this is replaced by a hydrogen atom (White et a/.,1959). 


Bases 


Bases are divided according to their molecular structure into purines and 
pyrimidines. Figure 1b shows the basic or prototype form of these bases. DNA 
and RNA each contain two purine bases and two pyrimidine bases. Both DNA 
and RNA contain cytosine which is a pyrimidine, adenine and guanine, both of 
‘which are purines. A difference between the nucleic acids is that DNA contains 
the pyrimidine base thymine while RNA contains uracil. The structures of these 
five bases are shown in Figure 2. 
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Fig. 2: Structures of bases in RNA and DNA. 
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Nucleosides 


The combination of a base and a sugar molecule forms a complex known as a 
nucleoside. The ribose nucleosides are named for the parent base, with the 
suffix -osine added for purines, and -idine for pyrimidines. The naming of the 
nucleosides is given in Table 1. 


TABLE 1 

Naming of Nucleosides and Nucleotides 
Bases Nucleosides Nucleotides 
Adenine Adenosine Adenylic acid 
Guanine Guanosine Guanylic acid 
Cytosine Cytidine Cytidylic acid 
Thymine Thymidine Thymidylic acid 
Uracil Uridine Uridylic acid 


Nucleotides 


Nucleotides are formed by the addition of a phosphoric acid molecule 
(H3PO,) to Ca or Csof the nucleoside sugar. The nucleotides are named either 
Specifically (eg, adenosine 5'-phosphate, 3'-phosphate, 2'-phosphate), or 
non-specifically (e.g, adenosine monophosphate, AMP). In nucleic acid work, 
however, it is more common to name them as acids (see Table 1). Figure 3 shows 


the structures of the five nucleotides of importance in discussing RNA and 
DNA. 


The Structure and Biosynthesis of RNA 


In RNA, the number of adenine—and cytosine-based nucleotides is equal to 
that of guanine—and uracil-based nucleotides. Furthermore, the total number of 
purine nucleotides is equal to that of pyrimidine nucleotides, and the molar 


ratios of adenine to uracil (A/U ratio) and guanine to cytosine (G/C ratio) are 
equal to one (Grossman, 1967). 


The RNA molecule is formed by the Joining of nucleotides into long chains. 
termed polynucleotides. The internucleotide lines are formed by the phosphoric 
acid molecules, which esterify to bridge between the 3’ carbon of one sugar 
molecule and the 5’ carbon of another (White e£ al., 1959), Grossman (1967) 
points out that it follows from this that RNA molecules can differ only in the 
sequence of the bases in the polynucleotide chain, or in the length of the chain 
itself. Three ways of referring to nucleic acid Structure have been distinguished: 
the primary structure consists of the bases making up the nucleic acid 
macromolecule. That is, the primary structure of RNA consists of the bases 
adenine, guanine, Cytosine, and uracil, and is the same for all RNA molecules. 
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Fig. 3: Structures of nucleotides in RNA and DNA. 
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The secondary structure consists of all the sequences in which these bases are 
arranged, and so will differ from one molecule to another. The tertiary structure 
consists of the physical conformation of the entire molecule. 

Three classes of intracellular RNA may be distinguished based on molecular 
weight and function. These are “soluble” or “transfer” RNA (sRNA) which is 
found in the cytoplasm, and has a molecular weight of 20 to 40 thousand; 
"messenger" RNA (mRNA) which is found in the nucleus, and has a molecular 
weight of 200 to 500 thousand; and ribosomal RNA (rRNA) which is found in 
the ribosomes, and has a molecular weight of about two million. 

The biosynthesis of RNA occurs, at least in part, on the chromosome. 
Because it is presently held that all RNA synthesis is dependent upon DNA, it is 
assumed that all RNA is formed in the nucleus. Actually relatively little is 
known about RNA biosynthesis, especially that of sRNA and rRNA, and it is 
possible that there exists some DNA-independent synthesis of these forms. In 
the case of mRNA, at least, it seems clear that the molecule is formed by DNA 
which breaks to form a single-stranded template, allowing a “negative copy" to 
be made of RNA (RNA-DNA hybrid). The RNA strand then breaks off and 
exists independently. The existence of DNA-RNA hybrids has been 
= in cell systems such as the bacteria Escherichia coli (White et al., 
1959). 


The Structure and Biosynthesis of DNA 


At the most basic level the structure of DNA is very similar to that of RNA. 
The same structural constraints on the base ratios which were discussed above 
for RNA hold for DNA with the exception of the substitution of thymine and 
its nucleoside and nucleotide for uracil and its conjugates. Internucleotide links 
are formed in the same way for DNA as for RNA, and so various DNA 
molecules, like RNA, can differ only in their base sequences and their absolute 
length. 

The major difference between the DNA and RNA molecules is that where 
RNA is complete as a single strand, DNA in mammalian cells is composed of two 
strands of the type shown in Figure 4a. The “spines” of the two strands are 
formed of deoxyribose molecules joined by the 3’ 5’ phosphodiester bridges 
described above for RNA, with the bases attached at angles to the main axis of 
the strand. The chains are joined together by hydrogen bonds between the bases, 
with the amino group of one base joined to the keto group of another. In each 
case, a purine and a pyrimidine base are paired. This gives rise to two chains 
which are not identical, but are complementary; for example, AGTCAAGTGGCC 
and TCAGTTCACCGG. The hydrogen-bonded double chain is shown in 
Figure 4b. 

Because of the stearic requirements of hydrogen bonding, the double strand 
cannot remain linear, but is twisted into a right-hand helix. This structure, first 
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elucidated by Watson and Crick in 1953 (cf. Whit i 
3 e et al., 195 
as the structure of DNA, and is shown in Figure 5. tasa nunt 
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Fig. 4a: Structure of a single strand of DNA. 
b: Structure of the DNA double strand. 


Fig. 5: Structure of the DNA double helix 
(adapted from Grossman, 196 7). 
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Biosynthesis of Protein 


Both nucleic acids play a vital role in protein biosynthesis. Jn vivo formation 
of protein takes place in two stages—the formation of the peptide bonds to form 
small polypeptides, and the selection and arrangement of the polypeptides to 
determine the amino acid sequence of the resultant protein molecule. 

Amino acids do not readily coalesce to form proteins but must be activated. 
This takes place in the cell by means of the energy compound ATP. White et al., 
(1959, p. 599) summarize this activation as follows: Ou 

=> Q 


Er 


(1) Amino acid + ATP + enzyme > amino acyl 
AMP-enzyme + PP; 


(2) Amino acyl-AMP-enzyme + sRNA > amino 
acyl-sRNA * AMP * enzyme 


Sum: Amino acid + ATP + sRNA — amino acyl-RNA 
+ AMP + PP, 


meen eer ON "00x 


In this two-step reaction, a mixed carboxylic-phosphoric anhydride complexed 
with an enzyme (an amino acyl synthetase) is formed in the first step. It is 
thought at present that there is a specific form of sRNA for each amino acid; 
this sRNA joins onto the anhydride-enzyme complex at the amino acyl end, 
causing the AMP (adenosine monophosphate, the low-energy degradation 
product of ATP) and the enzyme to drop off. This reaction results in the 
formation of an amino acyl-sRNA complex, AMP, and inorganic phosphate. The 
SRNA then transfers the activated amino acid to the ribosomes where the amino 


acids are joined. -- . 
For this stage, which is the actual synthesis of the proteins, information for 


the arrangement of the amino acids comes from DNA in the nucleus of the cell. 
It is felt (Karlson, 1963) that the DNA of the chromosomes forms a negative 
copy of itself in mRNA, as described above. The function of the mRNA is to 
activate the ribosomes for protein synthesis, and to code the amino acid 
sequence. It is now held (Karlson, 1963) that mRNA codes each amino acid as a 
“word” of three “letters.” That is, each bit of information on the mRNA strand 
consists of a sequence of three bases. This gives rise to a possibility of 4? or 64 
different “words,” for the 23 amino acids found in proteins, so it might appear 
that some words have no amino acid attached to them. or are redundant. It is 
conceivable, however, that each amino acid is represented by two different 
words, one for when it appears inside a sequence and another to indicate that it 
falls at an end of a sequence (Karlson, 1963). Once the activated amino acids are 
arranged on the ribosome, peptide links are formed and the protein breaks away 


from the ribosome. 
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Enzyme Induction 


In closing this chapter, mention should be made of the phenomenon of 
enzyme induction. This term refers to the process whereby the rate of synthesis 
of certain enzymes is greatly increased when the substrate upon which that 


enzyme acts enters the cell. For example, yeast cells continually produce at a 
low rate the enzyme beta-galactoside 


capable of inducing the production 
rring (non-induced) enzyme. Since 
d de novo from amino acids, the 
; is effectively causing protein 
n is unknown (Karlson, 1963). 
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DNA AS THE 
MEMORY MOLECULE 


DNA in the encoding and 
it was natural for this 
e for the encoding of 


Because of the major role recently proposed for 
transmission of genetic information (Crick, 1954), 
compound to come under close scrutiny as à candidati 
experiential information. 

At first glance DNA seems most promising in this respect. It is highly stable 
and of sufficient size to encode information. Furthermore, it already holds an 
information-encoding function, and because science assumes some parsimony in 
life systems, it might reasonably be expected to impress a dual function on the 
DNA molecule. 

There is very little data on DNA metabolism during behavioral events. A 
number of European experimenters have, however, looked at nucleic acid 
changes as a result of various physiological manipulations. Vladimirov, Ivanov, 
and Pravdina (1954) showed that administration of narcotics and mechanical 
irritation of nerve cells resulted in a change in RNA metabolism (to be discussed 
below), but caused no change in DNA quantity or activity. In a similar study, 
Mihailović, Janković, Petković, and Isaković (1957), while noting a marked 
change in RNA content, found no effect at all of ECS on DNA metabolism. 
Brodsky (1957) replicated and extended the work of Vladimirov et al. on the 
effect of narcotics on DNA metabolism, obtaining similar results. 

In an early study of cellular DNA concentrations, Vendrely and Vendrely 
(1949) compared amounts of DNA in the nuclei of the cells of various organs 
both within and between individuals and species. They remarked upon the 
extreme constancy of the amount of DNA, and concluded that if DNA 
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constitutes the genetic material (this is now held to be the case), all mammals 
might possess approximately the same genetic apparatus. In a later paper (1956) 
the same authors reviewed the DNA constancy theory, and once again 
emphasized the extreme constancy of the amount of nuclear DNA across 
mammalian species. They further stated that it has been shown that DNA is 
extremely resistant to change by any normal! outside influence. Yoshida (1958) 
confirmed this view by microspectrophotometric studies on DNA of the ox 
retina. 

Kornberg (1960), in a review of the biosynthetic processes of DNA, stated 
unequivocally that there is no evidence that DNA, once formed, ever changes, or 
that the biosynthetic process can be influenced by the sort of electrochemical 
Processes occurring in nerve cells. The genetic template molecules must be 
present in order for DNA to be formed. Furthermore, as Grossman (1967) 
pointed out, even if the DNA molecule were broken by the 
there is no way for the parts to rearrange to form a new mol 
possibly encode the memory. He went on to state that 


electrical impulse 
ecule and thereby 


the only way in which the base Sequence of a DNA molecule can be 
altered. ..is through the action of 


1 y safe to conclude, therefore, that DNA may b 
8s a possible memory molecule, except, as Pg aie 


peripheral, subsidiary role. We EST discuss below, in a "SY 
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RNA AS THE 
MEMORY MOLECULE 


Evidence on RNA as the memory molecule comes from several lines of 
research. Three of these will be reviewed in this chapter: work on RNA 
metabolism during behavioral events, work with drugs affecting RNA, and work 
with yeast RNA. Some of the major theories of RNA and memory will also be 
reviewed. The fourth line of evidence which comes from studies of inter-animal 
transfer of learning will be reviewed separately in Chapter VII. 


RNA Metabolism During Behavioral Events 


» which is used here after Pevzner (1966), is a 
different sorts of manipulations. In this 
RNA levels as a function of neural 
both at the cellular and the 


The term “behavioral events, 
general one encompassing a number of 
section we shall examine changes in 


excitation, neural inhibition, and learning, 
organismic levels. The first two of these areas are reviewed extensively by 


Pevzner (1966), and so only a few studies will be cited in these areas as 
illustrations and the studies reviewed by Pevzner will be summarized. 


Excitation 


Pevzner reviewed thirteen experiments in which neural activity was 
moderately increased from base levels either by natural or artificial stimulation. 
Hydén (1943), for example, electrically stimulated cells of the spinal ganglia and 
found that with brief or intermittent stimulation the concentration of 
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cytoplasmic RNA rapidly increased. In a later study (Hamberger and Hydén, 
1945), it was found that with auditory stimulation (600 cps at 80 db) 
cytoplasmic RNA in the spiral ganglion of the cochlea increased by 80% to 
100%. A similar effect was found in the vestibular ganglion by Hamberger and 
Hydén (1949), where RNA increased 30% to 100% after oscillation of the 
animal for six minutes. Vladimirov ef al. (1954) stimulated skin receptors 
electrically and obtained a 22% increase in RNA specific activity. Chitre, 
Chopra, and Talwar (1964) measured RNA specific activity in whole brain 
homogenates following a convulsive dose of the drug Metrazol (pentyle netetrazol) 
and found a 27% increase during the preconvulsive (excitatory) stage. 
In a review of 13 studies by Pevzner (1966) an average increase of 70.92% 
to 88.61% was obtained as a result of various types of neural excitation. 


Most importantly, in none of the 13 cases was there a decrease or even 
a case of no change after excitation. 


Inhibition 


Studies of neural inhibition have taken many forms, ranging from induced 
exhaustion to drug poisoning. Hamberger and Hydén (1945) studied the effects 
of acoustic trauma upon RNA content of spiral ganglion cells. They found that a 
revolver shot one foot from the animal's head caused a 30% to 60% 
cytoplasmic RNA. Russian investigators (cited by Pevzner, 1966) found that 
narcosis induced by amobarbital sodium or by alcohol also caused decreases of 
30% to 40% in cortex and in Spinal motor neurons. Gomira 


Pevzner, 1966) measured total cellular RNA in Spinal motor 
a 35% decrease after their animal 


arsacetin led to a 22% to 28% 
and vestibular ganglia. Pevzner reviewed 20 studies of this type, with an average 
decrease of 18.85% to 28.05%. It is interesting to note that in this case, there are 
two studies which show an increase in RNA, Both of these used barbiturate 
narcosis, and found increases of 18% and 20%. The reason for these increases is 


unclear, and they would seem to be outweighed b t i i 
peal, ne contrast 
which has been cited, » ý i cn 


Learning 


Relatively little wo 
learning, since this sort of 
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he termed an analog model for cellular learning. This model consists of a 
pathological process using the same neural pathways available to normal 
processes, in which “changes in synaptic organization, cellular excitability, and 
cellular chemistry have been demonstrated on a time scale comparable to 
behavioral learning” (p. 375). 

Morrell's procedure consists of local application of an ethyl chloride spray to 
a 2 mm area of cortex. This leads within a few hours to the development of 
seizure-type electrical activity at the periphery of the area, and within a few days 
to the development of a secondary focus of seizure activity in the homologous 
area of the opposite hemisphere. This Morrell terms the “mirror focus.” After a 
species-specific length of time has passed the secondary focus becomes 
independent of the primary, and ablation of the primary focus does not affect 
the activity of the secondary focus. Morrell suggests, both on the basis of these 
data and of direct cortical recordings, that the mirror focus area may be 


a ganglionic network in which spontaneous and evoked activity have been 
chronically altered as a result of experimental alteration of its 
environmental input in the form of continuous epileptiform bombardment 


(p. 379). 


The establishment of the mirror focus may be prevented by section of the 
corpus callosum either before establishment of the primary focus, or within 24 
hours afterward. Alternatively, the callosum may be left intact, and the mirror 
focus area partially isolated by subpial aspiration within the same time period. 
This latter procedure deprives the area of all subcortical connections, as well as 
most of its transcortical links to its own hemisphere. The callosal pathway 
remains intact, and is the only source of input to the area. Morrell interpreted 
these data to mean that the establishment of the independent mirror focus 
requires at least two forms of input. 

Morrell then considered the problem of whether the change in excitability is 
due to the setting up of reverberatory circuits, or rather to structural changes in 
the cells of the network—that is, whether it is electrical or chemical in nature. 
After surgical isolation of the primary focus, seizure activity there was abolished 
while that of the mirror focus was unaffected. The mirror focus was then 
similarly isolated, leaving it likewise inactive. Chronic recording electrodes were 
then affixed to the surface of the cortex in the focus areas, and the animal was 
teturned to its cage for several months, during which time no return of seizure 
discharge was observed. After several months had elapsed, an acute preparation 
was made of the animal, with gross electrodes placed on the surface of the 
now-isolated mirror focus, and one to four microelectrodes inserted into the 
slab at depths of 500 to 1000 micra. The convulsant drug Metrazol was then 
placed upon the adjacent normal cortex. This caused seizure activity in this area, 
which slowly spread across the gap into the isolated area. Morrell concluded 


the ease with which such . . . transmission can be demonstrated in isolated 
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epileptic cortex makes it clear that the increased... - irritability has 
persisted in the cellular elements of the mirror region despite the fact that 
the spontaneous manifestation of this irritability was abolished by the 
neuronal isolation... the mirror focus is a region which has not only 
“learned” to behave in terms of paroxysmal discharge, but which 
“remembers” this behaviour even after months of inactivity. The isolation 
experiment has excluded reverberating impulses as the basis of the changed 


electrical behavior and makes it necessary to search for structural 
alterations (pp. 383-84). 


Given the assumption that there is a Structural or chemical change, and that 
this may be localized in the cells of the mirror focus, Morrell reasoned that since 
changes in ion distribution are too transient to provide the memory system and 
brain protein turnover is too high, “the search for an organizer substance leads 
one logically to the nucleic acids and, for events which are primarily 


cytoplasmic, to the ribonucleic acids” (pp. 385-386). RNA staining by the 
methyl green pyronin method was done in sections through the mirror focus 
area. For control purposes every third section was treated with RNAse prior to 
staining, to show that RNA Was indeed the substance being stained. The sections 
er, non-involved, brain areas, similarly 
stained. It was found that the stain concentrated highly in the mirror focus 
region, indicating large concentrations of RNA in this area. 


he is, 


Egyházi, 1962a, 1963, 1964; Hydén and Lange, 1965 
learning tasks of a more usual sort upon neural RNA. 
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In the first of this series of studies (Hydén and Egyházi, 1962a) three groups , 
of rats were used. In one group, rats were trained to walk up a tight-wire placed 
at an angle of 45 degrees to the floor of their cage in order to obtain food, A 
second group, designated functional controls, were rotated slowly in a centrifuge 
to control for the vestibular stimulation involved in learning the balancing task. 
A third group, designated controls, were not trained but were kept on a 
low-calorie dietary regimen. As would be expected, absolute amounts of RNA in 
Deiters’ (vestibular) nucleus cells increased both in experimental and functional 
control animals. In addition, however, significant changes occurred in the 
amounts of the various bases contained in the nuclear RNA. Amounts of adenine 
increased and of uracil decreased (A/U ratio = 1.06 in controls ys. 1.35 in 
experimentals), and the purine-to-pyrimidine (AtG/C+U) ratio likewise 
increased (0.91 vs. 1.03). Hydén and Egyházi comment upon the failure to 
detect transfer of the changed RNA from the nucleus to the cytoplasm, 
interpreting this as possible evidence for transfer of only minute amounts, as in 
the transfer of mRNA in protein synthesis. The nuclear RNA changes were taken 
to be indicative of activation of the chromosomes to produce mRNA with highly 
specific base ratios in line with Hydén’s early theory (see below). 

In the second experiment in this series (Hydén and Egyhazi, 1963) glial RNA 
changes were measured as a function of learning the same task. Since the glia 
have been shown to act as a functional unit with the neuron (Hydén and Pigon, 
1960; Hydén, 1962), with linked systems for RNA biosynthesis (Egyházi and 
Hydén, 1961; Hydén and Egyházi. 1962b), changes in glial RNA would be 
expected to follow a course similar to that of neuronal RNA. This was found to 
be the case although changes in the glia were not identical to those of the 
neurons. In this study, as in the prior study, measurements were of Deiter's 
nucleus cells. The increased amounts of RNA observed in the 1962 study were 
not found in this study, however; also it was noted that base ratio changes 
disappeared after 24 hours. 

These two studies appear to provide indirect evidence supporting the theory 
that memory is encoded as changes in RNA base sequences, but no direct 
relation of base changes to learning has been established. Although the method 
used has some face validity there are certain difficulties. First of all, there is the 
question of whether any learning is actually going on. The rats “learned” to walk 
the wire very quickly (1-2 trials), and there is some doubt whether such an agile 
animal as the rat has anything to learn in this situation. The authors state (1962) 
that some Ss performed perfectly from the first trial. While “no-trial learning" is 
not prima facie evidence of absence of learning, it does seem to indicate that the 
response was in the animal’s repertoire prior to the inception of the experiment, 
and required little if any reinforcement to bring it out. The fact that the changed 
RNA did not appear to transfer from the nucleus to the cytoplasm may indicate, 
as noted above, transfer of minute amounts, but it may also indicate that the 
system was not stimulated enough to cause transfer of significant amounts. 
Second, the use of Deiter’s nucleus as the site of measurement of the changes is 
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open to question. While it is not unreasonable to expect that some changes 


seem reasonable to look for long-term or lasting changes there These long-term 
changes seem to occur in the cortex and to be more and more “cerebrized” as 


analyses, 


In 1965, Hydén and Lange replicated both the handedness and the balancing 
experiments, Obtaining similar chemical changes. This, along with the results of 
Hydén and Egyházi (1964), indicates that the increased purine-to-pyrimidine 
ratios as a result of learning may be a real effect, and that changes in RNA base 
ratios may have a role in the encoding of memory. 
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injection of 136 ug of 8-azaguanine in a bicarbonate solution, and found no 
difference between drug and placebo groups in their ability to perform the 
sensory and motor tasks required to swim the maze. Furthermore, there was no 
difference in recall of a previously learned maze path. A difference between 
groups did occur, however, when a learning measure was employed. In this 
experiment, rats were given 15 trials in the maze (intertrial interval of three 
minutes), with speed and error scores recorded. Although speed scores did not 
differ, as would be expected on the basis of the performance data in the first 
experiment, drug animals made on the average twice as many errors as did 
placebo animals, with the greatest difference appearing in the first five trials. 
From these results it appears that disruption of RNA metabolism affects 
learning, but does not affect the performance of already learned behavior. This 
leads to two possible conclusions. The first is that memory once encoded in 
RNA renders the RNA metabolically inert; this seems unlikely, however, since 
the readout function inherent in memory would seem to require at least 
some modicum of metabolic activity. The second is that it is possible that 
RNA subserves memory in the encoding process while the storage function 
utilizes some other substrate. The data on protein as the memory molecule, 
to be reviewed in the next chapter, indicates that some other substrate 
having this function may indeed exist. 

Chamberlain, Rothschild, and Gerard (1963) studied the effects of 
8-azaguanine on a very different sort -of situation. Like Morrell (see above, 
pp. 26-28) these investigators drew an analogy between behavioral learning and a 
pathological phenomenon. If a rat is subjected to a unilateral cerebellar lesion, 
then a postural asymmetry in the hind limbs results. This postural asymmetry 
can be abolished by a mid-thoracic spinal cord transection if this is performed 
immediately, but if sufficient time is allowed to elapse the asymmetry will 
persist despite transection of the cord. Since the asymmetry is considered to be 
the result of asymmetrical facilitatory stimulation via the descending spinal 
tracts, the motor nerves of the affected area seem to be undergoing a change of a 
nature analogous to learning, in that the postural asymmetry loses its 
dependence upon the presence or absence of this descending influence. 
Chamberlain et al. investigated the effects of 8-azaguanine (and of TCAP, to be 
discussed below) upon this phenomenon, which they referred to as spinal cord 
fixation time. In addition, they tested for effects of the drugs on avoidance 
learning and maze learning. 

In the spinal cord fixation experiment, it was found that the average fixation 
time for injected and non-injected controls was 45 minutes. Intraperitoneal 
injection of Sazaguanine increased this to 70 minutes. If the fixation 
phenomenon is considered analogous to a learning process, as Chamberlain e¢ al. 
consider it, then injection of the nucleic acid antimetabolite, as in the Dingman 
and Sporn experiment, appears to have retarded "learning." In a maze-learning 
experiment animals were given nine of the twelve problems in the Hebb-Williams 
(1946) series. No difference was found as a result of the drug in either error or 
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speed scores. In the bar-press avoidance task, animals injected with 8-azaguanine 
did not differ from controls in latency of response or on mean number of 
avoidance responses over three days of testing. 

As Chamberlain ef 以 pointed out, their data for the Hebb-Williams maze are 
not really comparable to Dingman and Sporn’s data for the Water maze, because 


intracisternally was absorbed into the brain, there is no evi 
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avoidance (see Chapter I) type, in which animals had to learn to inhibit walking 
in the apparatus. Despite the actinomycin-induced inhibition of RNA synthesis 
the drug animals learned and retained the response as well as controls. These 
results might be considered damaging to the view that RNA is involved in 
learning, were it not for the fact that doses of actinomycin of this magnitude 
almost invariably led to illness and death of the animals in a few hours. 
Specifically, all animals became diarrheic within 6 to 8 hours and died within 24 
hours. Onset of toxic effects was preceded by decreased activity. Since the 
animals were tested four hours post-injection it does not seem unreasonable to 
assume that their performance on the passive avoidance task may have been 
“facilitated” by the toxic symptoms, because they may have been too sick to 
move. 

In a later experiment (Cohen and Barondes, 1966a) a multiple injection 
technique was used which resulted in greater inhibition (94%-96%) of RNA 
synthesis. The animals still became ill, but this appeared to have been somewhat 
less severe than in the first experiment. Furthermore, the behavioral tasks 
employed were a Y-maze and a two-choice T-maze which the animals had to 
traverse in order to avoid shock. With the more active response the toxic effects 
of the drug would lead to a poorer rather than better performance. 

Animals were run in the Y-maze 4 to 4.5 hours after injection. Drug-injected 
animals did not differ from injected or non-injected controls on acquisition or 
on retention after 1 and 4 hours. The two-choice T-maze was then used to test 
the animals on a more complex task and, again, no differences were found on 
either acquisition or retention. The authors concluded tentatively that “RNA 
synthesis is not required for memory storage in the intervals after learning which 
were studied” (p. 209). To investigate the possibility that RNA synthesis might 
become involved in memory storage at a later time, the few animals which 
survived were again tested in the double T-maze on the next day. They exhibited 
a high degree of savings. The authors feel that the implications of these results 


argue against the encoding of memory in a specific RNA synthesized from 


a DNA template. Likewise, they argue against the participation of newly 
synthesized messenger-RNA in initial memory storage... the present 
experiments argue against the involvement of RNA synthesis in learning or 
in memory storage within 4 hr. of learning. The fact that animals could 
perform as well as they did under these conditions also indicates that the 
brain is not dependent on new RNA synthesis over a number of hours and 
can maintain its delicate intracellular and intercellular regulation without 
new RNA ... a specific role for RNA synthesis in brain function remains 
to be demonstrated (pp. 210-211).' 


Batkin, Woodward, Cole, and Hall (1966) tested carp on a T-maze visual 
discrimination task after administration of actinomycin either intracranially or 
intraperitoneally. They found that intracranially drug-treated fish made 
significantly more correct responses than controls over a 24 hour test. This result 
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quickly and retained the response to a higher degree of proficiency than did the 
animals treated with the other stimulants. Plotnikoff characterized these doses 
of the drug as non-stimulant doses, since no increases in spontaneous activity 
were observed. 

Bowman (1966) commented that while Plotnikoff’s data do seem to indicate 
an acquisition effect, the retention effect may not be a real one since control 
rats had learned the response to a significantly poorer degree than the drug 
animals. Therefore, “the difference in retention may simply be a consequence of 
the difference in acquisition . . . and may therefore only reflect effects of the 
drug on acquisition processes” (p. 902)? In view of the evidence reviewed in 
Chapter I, one would expect to find an effect on the long-term process of 
retention rather than on the short-term process of acquisition if the drug is 
acting upon the chemical substrate of learning. Plotnikoff (1966b) stated in his 
reply to Bowman that it was difficult to train animals to the retention criterion 
in less than 50 trials, and, therefore, the fact that pemoline animals showed 
better retention was in itself proof of a retention effect. This, however, is not a 
valid argument because it does not answer Bowman’s charge that the heightened 
retention was simply a result of a higher degree of learning. 

In two subsequent papers, Plotnikoff (1966c; Plotnikoff and Meekma, 1967) 
extended his results showing enhancement of memory for an avoidance 
response. In the first he showed that magnesium pemoline attenuated the 
amnesic effects of ECS. While this may be so, it should be noted that this drug 
has some anticonvulsant effect, at least at high doses. Because the ECS-induced 
amnesia was not totally prevented it is possible to interpret Plotnikoff's data as 
the result of mild anticonvulsant effect. In the second study Plotnikoff and 
Meekma compared the effects of magnesium pemoline and pemoline alone on 
the enhancement of the jump-out avoidance response and found that magnesium 
pemoline was several times more potent. The objections of Bowman to 
Plotnikoff’s original study apply as well to these two studies. : 

Since Plotnikoff's original publication (19662), a number of studies have 
appeared which indicate that any effect of magnesium pemoline on learning is 
doubtful. Talland (1966), working with human subjects, found that the drug 
improved accuracy of performance on a task requiring sustained attention, a 
result found by Dureman with pemoline alone in 1962. Talland's data on a 
short-term memory task, along with those from the attention task, led him to 
conclude that magnesium pemoline has a non-specific alerting effect rather than 
4 specific effect on memory function. 

Cyert, Moyer, and Chapman (1967) attempted to extend Plotnikoff's 
jump-out results to a runway avoidance response. These investigators found no 
effect of oral administration of the drug on rate of learning or rate of extinction. 

Smith (19674, 1967b), in double-blind studies, failed to find evidence of 
facilitation by magnesium pemoline on a battery of human performance tests 
including verbal learning, motor learning, classical conditioning, visual and 
auditory short-term memory, arm-hand steadiness, and visual reaction time. 


2 2; 
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These were administered as learning and retention tests, separated by 24 hours. 
The only significant difference he obtained was on the verbal learning test. The 
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Research Using Yeast RNA 


It has been suggested that if RNA is the memory substrate, then it might be 
possible to facilitate learning and/or retention by increasing the available pool of 
RNA in the body. In attempts to do this, investigators over the past ten years 
have injected solutions of RNA extracted from yeast, a source relatively high in 
RNA yield. Two concurrent lines of research have developed, one using humans 
and the other animal subjects. 


Research with Human Subjects 


In 1958, Cameron reported an attempt to improve memory impairment in 


aged patients by the administration of a mixture of DNA and RNA in a 


physiological saline solution, given intravenously (4 g of DNA and 2 g of RNA 


daily), or orally (up to 75 g of RNA daily). All results on a battery of memory 
° and 50% were termed “good.” The best results 
were reported in patients with severe memory deficits and confusion. 

In a later study (Cameron and Solyom, 1961), patients were given a larger 
battery of tests including the Wechsler memory scale, the counting test, and 
various conditioned response tests (for a complete list see Cameron, 1963). The 


patients, their families, and their associates were interviewed both prior to and 


after the institution of therapy. Two groups of patients were tested, one with 


mild memory deficits due to brain arteriosclerosis or senile dementia (29 and 8 
subjects, respectively), and a second with more advanced deterioration due to 
brain damage or malnutrition (47 subjects). Subjects were administered either 
RNA or placebo pills, in a double-blind procedure. Both drug and placebo 
groups showed improvements in retention, along with general improvements in 
their condition, within three weeks. Speed of conditioning and retention of the 
conditioned response averaged. twice its pre-therapy level. The only differences 
observed were not between groups as defined above but were between early and 


late onset of therapy, with those patients whose therapy began early in the 
course of the disorder showing the greater improvement. ; 

In 1962, Cameron’s group developed a technique whereby the RNA solution 
could be administered intravenously without the adverse side effects common 
with the earlier oral and intravenous administration (nausea, muscle cramps, 
and a fall in blood pressure—see Cameron, 1963). Furthermore, it allowed the 
administration of higher doses of RNA. In two studies using this method 
(Cameron, Solyom, Sved, and Wainrib, 1962; Cameron, Sved, Solyom, Wainrib, 
and Barik, 1963), these investigators Were able to differentiate between the 
various disorders in terms of responsiveness to the therapy. In the three groups 
tested, it was found that the effects of RNA therapy were most marked in 
arteriosclerotic: patients, were intermediate in presenile, and least successful in 
senile patients. In general, the finding of the 1958 study that therapy succeeded 
best in the severest cases has now been shown to be incorrect, and the opposite 


is now felt to be the case (Cameron, 1963). 
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If a similar enhancement of the probability of the response occurred in the 
Cook et al. study, as Wagner and his co-workers noted, the difference in rates of 
acquisition might be conceived as being due to differential experience, rather 
than differential learning ability. 

In order to ascertain whether the results obtained by Cook e£ al. might have 
been due in part to a memory effect, Wagner ef al. performed a second 
experiment, comparing RNA- and saline-injected rats on a food-rewarded 
discrimination task. In this situation stimulation effects of the type suggested by 
their first experiment would not be facilitatory to performance. No significant 
differences were found between RNA- and saline-injected animals, although 
they reported a nonsignificant trend toward faster running speeds in the RNA 
group. The authors thus concluded that the effect reported by Cook ef al. seems 
to be due to some unknown and unspecified factor, which increases the 


unconditioned probability of a pole-climbing response to shock. 
Wagner et al. mentioned the possibility that their results might be due to an 
increase in the general activity level of their RNA-injected rats. They stated that 


this did not seem likely, since a comparison of mean activity wheel scores of 18 


RNA- and 18 saline-injected rats indicated no differences between the groups. 


However, because they did not describe their method of obtaining these activity 
measures it is difficult to assess how well they might reflect general activity level. 
In any case RNA might increase activity level in a manner not amenable to a 
by the use of activity wheels. Furthermore, the RNA injections migh 
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They also suggested that the use of the learning set paradigm may be more 
sensitive to this sort of effect than the use of single problems. 

Solyom et al. (1967) reported on the effects of RNA injections in old and 
young rats upon learning and activity. During continuous reinforcement training 
on a bar press response for water reward, RNA affected the bar press rate only in 
the old animals. During variable interval training it increased the rate in both 
groups, with the young animals most affected. RNA inhibited acquisition of a 
conditioned emotional response in young animals, and appeared to depress 
activity slightly. On the whole, these results say little about the effects of RNA 
on learning, but may indicate a mild stimulant effect in the bar press situation. 
Brown (1966) found a more extreme effect of RNA injections upon bar press 
rats, using rats of an age intermediate between the two groups of Solyom et al. 

The data from experiments injecting yeast RNA, therefore, are equivocal, 
except that a strong tendency toward a stimulant effect has been observed. 
Before concluding this review, two studies must be mentioned which cast some 
doubt upon the validity of the entire area. In 1965 Eist and Seal reported that 
radioactively tagged exogenous RNA failed to pass the blood-brain barrier. This 
being the case, it seems reasonable to wonder how yeast RNA might be expected 
to affect learning at all. One possibility, not previously stated in the literature, is 
that the excess of RNA in the blood might prevent the use of brain ENT Ones 
the brain, thus effectively increasing the amount available for use in the brain. 
Whether this is the case, or indeed whether such uptake of brain RNA by the 


blood even occurs is unknown. 


Cohen and Barondes (1966b) reported that ; oe 
type used in the studies reviewed above was thoroughly purified, it failed to 


affect performance on a black-white discrimination in the Y-maze. This study 
further differed from most previous work, including that of Cook et al., in that 
the authors employed a double-blind procedure. They concluded that in the 
earlier studies the effects obtained were not due to RNA, but rather to some 
contaminants in the solutions. It should be noted, however, that Cohen and 
Barondes employed a very short-term injection regimen. The group receiving the 
most injections was injected for 13 days prior to training—this length of time is 
equal to the shortest interval shown to be effective in the Cook et al. study. 
Because of this, the validity of Cohen and Barondes’ assertion that the earlier 
effects were most probably due to contaminants is questionable. 
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sequences (or at least base ratios) as a result of learning, but procedural 
difficulties on both the behavioral and the biochemical levels prevent these 


and a definitive experiment is needed, 
Yeast RNA seems to act mainly as a stimulant, and 


Theories of RNA as the Memory Molecule 


As the €xperimental 
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proponents of this view. Finally, we shall discuss briefly Hydén’s (1967) recent 
revision of his theory; while this last is not actually on RNA theory, it is most 
appropriately included here because it springs largely from Hydén’s work on 
RNA and learning as Hydén’s earlier theory sprang from his work on RNA and 


neural stimulation. 


Hydén's RNA-specification Theory 


Hydén (1960), in an extensive review of nerve cell function and metabolism, 
proposed a three step process whereby an engram might be laid down. His 
theory was based on his observation of increased production of nucleoproteins 
with stimulation (see above) and on the assumptions that nerve cells can readily 


produce proteins, and that these proteins may be specific. 
The three steps in the proposed intracellular mechanism for producing an 


engram were as follows: 

Step 1 is the specification of RNA in the nerve cell by the first series of 
frequency-coded impulses generated in that neuron in the organism’s lifetime. 
This series of impulses sets up a modulated frequency of electrical discharge 
which may affect the ionic equilibrium in the cytoplasm. This equilibrium shift, 
in turn, changes the stability of one or more of the four RNA bases at a site 
which is dependent upon the particular modulated frequency. This results in an 
exchange of the now-unstable base for another in the surrounding pool of the 
cytoplasm, and this site becomes stable for that modulated frequency. The net 
result of this is an RNA specified for that particular frequency, which is then 
assumed to remain stable (or, presumably, to be replicated) throughout life. 

Step 2 stems from the fact that new RNA and protein are formed in the cell 
under conditions of neural excitation. Since some of the RNA in the cell is now 
changed, as described in step one, the protein formed by this RNA will likewise 
be changed in a manner specific to the RNA and to the frequency specified by 
the RNA. The second step, therefore, consists of production of a specified 
protein as a result of the RNA changes which occurred in step one. — 

Step 3 consists of a rapid dissociation of the specified protein n Es 
complexing of the products of this dissociation with complementary molecules. 


This complex then activates the neuron's transmitter substance which causes 
excitation of postsynaptic cells. "The transmitter substance, Ri notes, 
"may only facilitate the modulated frequency . . . having a more in ormative 
character” when it enters the postsynaptic cell (Hydén, 1960, p. 306). 7 
Once the memory trace is established only step three need take place, giving 
the dissociation and subsequent release of transmitter substance whenever the 


particular modulated frequency of input is r ! . 

At face value, Hydén's theory appears to have some merit. Certain flaws, 
however, are evident. The major flaw is the idea that one cell provides the locus 
of each memory. The evidence from lesion and brain damage studies is well 


known and is uniformly against this hypothesis. Hydén attempts to circumvent 


eceived. 
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this problem by proposing that each time a modulated frequency is received not 
only are already-specified cells activated, but also new cells are specified. While it 
is true that there are billions of nerve cells in the brain there are also billions of 
bits of memory stored up in a lifetime, and one wonders how many cells might 
be allotted to one memory. Since nerve cells do not regenerate and new nerve 
cells are not formed after birth (Weiss, 1955), this process must seem to be 
finite. 

An argument which is perhaps even more telling against Hydén’s theory 
comes, so to speak, from the other side of the coin. Even if we admit the 
possibility of one or two cells per memory, it is difficult to conceive that there is 
only one memory per cell as Hydén’s theory implies, Given the respective 
numbers of bits of information stored and of cells, it would seem necessary for a 
given cell to have the capability of storing more than one memory trace. ` 

Hydén’s theory, however, does have certain positive features, First, there is a 


about Hydén’s theory, if only in passing. 
“RNA theory” it is easy to see that a slight 
liable to be called a “protein theory” of 
memory as well. It is Possible, as we shall see, that what is needed is neither an 

RNA nor a “protein” theory, but rather a hybrid of the two, and as 
discussed below, Hydén has since adopted this view, 


Landauer's Membrane-tuning Theory 


In 1964 Landauer noted that most theories of the biochemical basis of 
mory have i 
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at the end of this period, then these neurons involved in reception of the UCS 
would gain new, specified RNA. If, in turn, this csRNA resulted in an increased 
probability of firing of this cell to the next CS, then conditioning would have 
occurred, The mechanics of the system are illustrated in Figure 6, where the 
temporal relations between the various processes are shown. Glial csRNA 
production proceeds during the CS-UCS interval. At the onset of the UCS, 
csRNA passes from the glia into the neuron, where it is stored. 

In reading Landauer’s theory one first notes the neatness of the system 
and then its biggest difficulty. It is well known (Ochs, 1966) that the 
permeability of the plasma membrane to large molecules is very low. It is 
difficult, therefore, to conceive of a situation wherein large quantities of RNA 
could pass into the cell. Landauer acknowledged this, but stated that there are 


cases where large molecules do cross, and in the course of the great changes in 


the electrochemical characteristics of the membrane which take place during 
ceivable that this might occur. In fact, 


impulse conduction it is not incon 1 
Landauer worked out a mathematical proof of this based on the electrophoretic 
mobility of RNA and the charge gradients set up in impulse conduction. The 

d the scope of this review, but suffice to 


computations of this proof are beyon i 
say that it showed that there is more than adequate energy available for such a 


large-scale transfer to occur. 
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Fig. 6: Temporal relations of Landauer's theory. 


Landauers second hypothesis is concerned with retrieval of stored 
information. The first hypothesis departed from traditional views in that 
conditioning was seen as consisting not of increased synaptic conductance 
between neurons but as a change in the sensitivity of many individual neurons to 
ity involved in CS reception. The second 


Some aspect of the brain activi F 
hypothesis went on to state that if the neural membrane is seen as a narrow 
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does, Landauer’s paper, therefore, proposes not a unified theory but rather a 
mechanism to fill in the biochemical gaps in Hydén's theory. 


Briggs and Kitto’s Enzyme-induction Theory 


This type of theory has been gaining in popularity steadily over the past five 
years or so, and has recently achieved a great deal of importance in the work of 
Flexner (see Chapter VI). Since Flexner proposed a protein-oriented 
enzyme-induction theory, we will postpone discussion of his view until the next 
chapter. Briggs and Kitto (1962) proposed that memory might be based in the 
concentrations of certain enzymes in neural tissue, and that RNA changes might 
be simply a reflection of these concentration changes. The enzymes they 
considered most likely were those involved in the manufacture and breakdown 
of the neural transmitter substances, especially acetylcholine. Because of the 
involvement of RNA in protein (enzyme) metabolism, changes in enzyme 
concentration would be reflected in changes in RNA. 

Smith (1962) reviewed Briggs and Kitto's theory and applied it to show how 
repeated stimulation of a nerve path might cause increased conductance of this 
path via induction of the enzymes of the ACh system. Actually, most of the 
discussion of Briggs and Kitto's theory has been of this type with very little 
direct experimental test. . A 4 

Grossman (1967) reviews the secondary evidence relating to the theory, an 
concludes that it has a great deal of indirect support derived mainly from 
inferences from the work reviewed in the first section of this chapter and from the 
work of Krech’s group (see Chapter II). Flexner, Flexner, and Roberts (1967), 
to be discussed below, noted that this sort of theory appears to be a likely 
candidate for the correct one, although Flexner's work indicates that it is his, 
and not Briggs and Kitto's theory, which holds the highest probability of 


verification. 


Hydén's "DNA Activation" Theory 


Hydén's early (1960) theory, reviewed above, was based largely on 
pre-1962 experiments in which he studied the effects on RNA of sensory an 
chemical stimulation. As his research progressed, in the mid 1960 s, through 
learning experiments (see above), Hydén found it necessary to revise his theory 
to fit both his data and those of others which indicated something less than a 
central role for RNA in memory. Hydén’s new theory is not yet fully developed, 
and in his most recent statement of it (Hydén, 1967) he characterizes it as a 
“working hypothesis.” We shall briefly review it here as an example of the recent 


trend toward the RNA-DNA-protein complex type of theory. . f 
Hydén (1967) stresses in the statement of his theory that there is no evidence 
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to support a mechanistic model of simple “taping” of molecules for memory 
storage. He feels that the system must be far more complex than this, and must 
involve the cells’ genetic apparatus. However, as Hydén points out, only a small 
portion of the genetic apparatus is active in the mature cell, and so it might be 
difficult to postulate a use for this apparatus. Hydén circumvents this problem 
by stating that because only a small part of the genome is active, it would only 
be necessary to activate a very small additional portion in order to obtain a high 
degree of specificity. 

Briefly described, Hydén’s theory has three Stages. In the first, the reception 
of sensory information by the appropriate brain areas causes an activation of 
certain genomes in the cells of these areas (DNA activation 
production of new, specified mRNA. Hydén (1967) cite 
indicating that this is a plausible hypothesis, 

In the second stage, the RNA synthesis of the first stage causes the 
production of new protein, which facilitates the transmission of the patterns of 


sensory input from one neuron to another, thus Setting up a series of neurons 
which are coded for this input. This facilitation of trans 


interaction between the specified protein and the neural t 
the cell. 

The third stage of Hydén’s theory consists of the maintenance of the cellular 
changes by the specified protein, 

This summary of Hydén’s theory is, 
(1967) cites a great deal of Supporting evidence, both empirical and logical, 
which has not been presented here, and he also goes into greater detail on each 
of the points mentioned. The theory fits well with existing data, and seems quite 
liable to experimental test. It is this sort of theory, taken together with the type 


of theory proposed by Flexner (see Chapter VI) which most probably will 
ultimately prove of the greatest value in determining the chemical basis of 
memory, 
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VI 


PROTEIN AS THE 
MEMORY MOLECULE 


Katz and Halstead (1950) proposed a theory of memory which assigned a 
central role to protein as the chemical basis of memory. The theory received 
little notice at the time because, as Gaito (1966) points out, the Zeitgeist in 
psychology was not ready for the relatively sophisticated biochémical thinking 
involved. In more recent years the fact that a basic genetic assumption of the 
theory was proved to be in error has led to a general neglect of the theory even 
though many of its aspects remain sound (Grossman, 1967). 

As we have seen in the preceding chapters, interest in recent years has 
centered around the nucleic acids, especially RNA, as possible memory 
molecules. It is only very recently, with the accumulation of negative and 
equivocal evidence on RNA, that interest has once again turned toward protein. 
(As we have noted, theorizing about individual molecules is becoming outmoded 
in favor of the DNA-RNA-protein complex type of theory. The division along 
molecular lines, however, has been and continues to be a convenient 
simplification for purposes of basic research and theorizing.) The experimental 
evidence favoring the protein hypothesis has come largely from two sources, 


work with drugs and inter-animal transfer studies. This chapter will be concerned 


with the first of these and with the major protein-based theories of memory. 


Discussion of inter-animal transfer work will be deferred to the next chapter. 


Research with TCAP 


published an extensive study of the effects of 


Hydén and Hartelius (1948) 
y and mental 
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disorders. The major findin, 
increased synthesis of nucleo-proteins in nerve cells. 


mental function, thus anticipati 
Halstead (1950). 


also an aging Product of the drug, and ascribed the results of Hydén and 


Hartelius’ study to the presence of this contaminant. Eberts (1960) subsequently 
identified this aging product asa dimerized form of malononitrile, characterized 
as L1 3-tricyano-2-amino-1-propene, the struct 

7. Eberts concluded that prior work witl 
re-evaluated because the ex ion was unknown. Since 1960 the 
dimer has been used in research as a drug disti 


; Y been ascribed to its presence. The 
drug is most commonly called TCAP although it has been designated variously 
U-9189 (Upjohn), tricyanoaminopropene, tri-a-p, and simply malononitrile 
dimer. 


N= SN CN 


a priori justification for considering the effective wem eating, there is no 
RNA alone. The results of these two Studies show effects beds ae eee 
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Chamberlain et al. (1963) investigated the effects of TCAP on : prote. 
fixation (a technique discussed on page 31 above), avoidance codi cord 
Hebb-Williams maze learning. Injections of TCAP shortened spinal euin and 
time from 45 minutes (controls) to 30 minutes, and TC. AP-treated e maie 
also superior to controls in avoidance conditioning. No differences Wes donee 
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the Hebb-Williams test, as was the case with 8-azaguanine. Chamberlain et al. 
interpreted the, TCAP results as favoring an RNA theory of learning, but, as 
noted above, the protein interpretation would serve equally well. 

Essman (1966) investigated the effects of three daily TCAP injections on 
ECS-induced amnesia in mice. Animals were trained in a one-trial passive 
avoidance paradigm and then given a single ECS. In retention testing after 24 
hours, control animals showed the characteristic amnesia for the avoidance 
response, but TCAP-injected animals showed significant retention. A later 
study in Essman’s laboratory (Lewis, 1967) investigated the effects of 
long series of injections of TCAP and a second malononitrile derivative, 
tetracyanoaminopropene (designated T4CAP) on maze learning in rats. The 
second compound, a malononitrile trimer, had not been used previously in any 
published study. Lewis found that this drug elevated brain RNA and protein 
levels in a manner similar to that of TCAP. In a series of experiments on 
acquisition of a water maze task by mice Lewis found that if motor training was 
given prior to the inception of drug administration, both TCAP and T4CAP 
facilitated maze learning, with TACAP somewhat more effective. Without prior 
motor training only high doses of T4CAP affected maze learning. Lewis 
interpreted these results as evidence for an effect of the two drugs on learning at 
the choice point rather than on motor learning. 

Brush, Davenport and Polidora (1966) investigated the effects of TCAP on 
learning in two situations. These were an avoidance conditioning task similar to 
that of Chamberlain et al. (1963) and a water maze task similar to that used by 
Lewis (1967). In the avoidance conditioning experiment rats Were trained for 
two or three days post-injection, 30 trials per day. No differences on number of 
avoidance responses, latency of responding, or number of intertrial responses 
were found between drug- and placebo-injected animals for any of the training 
days. It is important to note that Brush et al. used single injections of TCAP, 
whereas Lewis used a multiple injections technique. . . 

In the maze-learning experiment animals were given pretraining in the straight 
runway followed by three days of maze training and two days of maze reversal 
training. In addition, some animals were tested for retention after 9 and 40 days. 

E ls on 
No significant differences were found between drug and control animals oi 
speed or error scores. Brush et al. stated that the discrepancy between their 
avoidance conditioning results and those of Chamberlain et al. (1963) might be 
due to certain procedural differences between the two studies, although this is 
* ^ mot readily understandable" (p. 184). They asserted. however, that the 
differences between the water maze procedures might be sufficient to produce 
the discrepant results. Brush et al. concluded tentatively that the most im- 
t factor in the effectiveness of TCAP as an aid to learning might be the 
n of drug treatment — chronic administration seems to give facilitation 
of learning, whereas acute administration does not. 

In a study of the effect of TCAP on learning in al 
Gallay (1966) reported that the drug significantly increased response output in 
the Skinner box during training on a variable interval schedule, but did not 


portan 
duratio: 
ged white rats, Solyom and 
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affect acquisition or extinction of a CER. The authors concluded that although 
these results might be due to better learning of the bar press response, it is more 
likely that they reflect a stimulant function for the drug. This conclusion, 
however, seems equally implausible since a stimulant effect would be expected 
to appear as heightened responding during CER. training, a result which was not 
obtained. 

A recent study by Gurowitz, Gross, and George (1968) investigated the 
effects of several doses of TCAP on learning in the passive avoidance (PAR) 
situation. Doses used were 15, 30, and 45 mg/kg, the last being a higher dose 
than has commonly been used. All three doses of the drug were found to disrupt 
passive avoidance learning, i.e., all three doses had a stimulant effect. The 
authors concluded that while acute administration of the drug does not seem to 
affect learning, the results of Essman (1966) and Lewis (1967) indicate that 
chronic administration may be necessary to obtain facilitatory effects. 

To summarize, the research on TCAP, while not wholly unequivocal, does 
seem to indicate some effect of the drug on learning. Because TCAP affects both 
RNA and protein metabolism it is difficult to be certain of the effective location 
of action, but in the light of other data (reviewed below and in Chapter VII) the 


function of protein in memory coding seems underrated by current investigators 
using the drug. 


Research with Puromycin 


iim This section, therefore, will comprise a detailed discussion of Flexner's 
work. 

gues began, in 1962, a seri 
ibiotic puromycin 


use of the same behavioral situation 


all non-neural tissues studied within o 
two hours, and was less complete— 
injections were observed, and so intracrani. 
and Steller, 1963) was turned to as a 
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sr ee Three types of intracranial injection were devised, and experiments 
performed using each type separately and in combination. One type 
frontal injection (F), was shown by fluorescein tracing to cover the rostral third 
of the cerebral cortex; the second, ventricular injection (V), covered all of the 
hippocampus and the caudal half of the neocortex; the third, temporal injection 
(T), covered the hippocampus, the caudal third of the neocortex, and all of the 
temporal and entorhinal cortices. Flexner (1966) reported that the staining of 
F+T+V injections was essentially the sum- of that for the three injections 
separately, and that this additive effect also applied to combinations of two 
injections. 

The first behavioral studies using these methods (Flexner et al., 1963) were 
done on mice trained to criterion on the Y-maze discrimination task and injected 
one day later. After F+T+V injections (30-60 uig/ mouse), retention for the 


training experience was completely lost. The most consistent memory loss with 


localized injections occurred with temporal injections (90 yg). Frontal or 
ventricular, or combinations of these, were "essentially without effect" 
(Flexner, 1966, p. 10). 

Subsequently, Flexner ef al, (1963) investigated what they termed “longer 
term memory," as opposed to the "short-term memory" tests described above. 
Here mice were trained to criterion and injected with puromycin 11-43 days 
later. In this case, only F+T+V injections were consistently effective in 
destroying memory and all single or double-combination injections were without 


effect. From this Flexner (1966) concluded that 


n between recent and longer-term 


There was consequently a clear distinctio 
puromycin was introduced 


memory. Recent memory was lost when 
through temporal injections to involve . . . the hippocampi and caudal 
cortices, including the temporal cortices . . -, while loss of longer-term 
memory required puromycin . . . in a substantially greater part of the 


neocortex (p.1 1). 


Unfortunately the anatomical boundaries cannot at this time be made any 


more specific than this, first because it is difficult to confine intracerebral 
injections within anatomic: nd because, as Flexner (1966) 


al boundaries, and seco 
pointed out, the actual spread of the puromycin, as measured by biochemical 


techniques, was greater than was indicated by ultra-violet measurement of the 


fluorescein spread. 

Flexner et al, (1963) extende 
mice to criterion on the Y-maze 
giving them reversal training. The poin 
was possible “to destroy memory of rever: 
training and spare the longer-term memory 


1966, p. 12). 
To test this, 7 animals were given bilateral T injections 24 hours after reversal 


training. In retention trials (given 3 days after injection) shock was omitted, 


d this time-course effect by training a group of 
discrimination task, and then three weeks later 
t under investigation here was whether it 
sal learning 24 hours after reversal 
of the initial training” (Flexner, 
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since in this case there was no “correct” response possible. In all 7 animals their 
first choice was consistent with the initial (pre-reversal) training, as were the 
majority of subsequent choices. 

In a recent paper (Flexner, Flexner, and Roberts, 1967) further observations 
of the effects of puromycin were reported. First, it was noted that in mice 
trained just to criterion both recent and long-term memory are maintained for 
10 to 20 hours after injection of puromycin before loss of memory. Testing for 
up to a three month period indicated that the subse 
Second, it was found that overtraining protected the memory against attack by 
puromycin. They found that an average of 60 trials was needed to obtain 
protection. Third, they noted that mice which had received puromycin treatment 
were able to relearn the maze and were capable of reversal learning. This new 
learning was retained indefinitely. It is interesting that speed of learning on 
second training matched very closely that on first training in many (but not all) 
of the mice. This would seem to indicate that while the disruptive effect of 
puromycin on specific memories is permanent there may be no lasting effect 
upon the memory system per se. 

In the conclusion of a review of his research, 
question of whether this evidence allows the con 
maze learning in the mouse depends on continuin 
that 


quent loss was permanent. 


Flexner (1966) considered the 
clusion that memory for simple 
€ synthesis of protein. He stated 


our position is [not] sufficiently secure t 
confidence. There is... nothing... to con 
results . . . have been obtained with puromycj 


some other effect . . . spuriously related to its effect on Protein synthesis 
(p. 19) 


Flexner went on to state (1966, p. 19) that it 
data on another substance which produced inhibition o ; J : 
different mechanism, but was similar to puromycin = een z a 
extent and time course of the inhibition. Such data waia ete a r he 
comparison to determine whether the memory effects Sls. dia : P valua le 
inhibition alone or to interference with some larger chemical syste o the protein 

Recently, Flexner has begun an investigation of the effects aii ibioti 
acetoxycycloheximide (Flexner e al., 1967). This drug fulfills ife : antibiotic 
discussed above for a comparison medium because it isa heim 
protein synthesis but does so through a mechanj z inhibitor of 
puromycin. Flexner ef al. stated that if this q 
deleterious effect upon memory, then the view 
protein alone would receive support. 

Behavioral results obtained with the heximide indicat 
of protein synthesis alone is not a sufficient conditi 
Despite the profound depression of protein synthesis b 
impaired only briefly, after which it returned to norm 


Would be desirable to obtain 


ed that the maintenance 
on for memory storage. 
y this drug, memory was 

- Flexner e; al. (1967) 
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proposed two possible explanations for this difference between puromycin and 
acetoxycycloheximide. First, the heximide, in addition to blocking protein 
synthesis, might prevent protein breakdown. This would eliminate the necessity 
for continued synthesis to maintain the level of protein needed for memory. 
Second, there is the possibility that memory is partly dependent on mRNA 
produced during learning. Flexner ef al. stated that with puromycin, RNA is 
degraded normally but without replacement, whereas the heximide decreases the 
rate of RNA decay. The theoretical basis for this second hypothesis will become 
clearer in our discussion of Flexner's theory (q.v. infra). 

1f the second of these hypotheses is correct, then the effect of puromycin on 
memory would be expected to be reduced if puromycin were given jointly with 
acetoxycycloheximide (Flexner etal., 1967). When this was done memory was 
found to be protected against the effects of puromycin. In addition, other 
antibiotics which, like acetoxycyloheximide, interfere with peptide bond 
formation and depress RNA degradation, were found to have a similar effect. 

Two recent studies by Barondes and Cohen (19672, b) provide interesting 
data on the effects of acetoxycycloheximide on memory. These authors pointed 
out that puromycin produces certain abnormalities of cerebral electrical activity, 
while the heximide does not (Cohen, Ervin, and Barondes, 1966), which led 
them to state that interpretation of the results of Flexner's group using 
puromycin is difficult. In their first study, Barondes and Cohen (19672) 
compared the effects of intracerebral injections of puromycin and 
cycloheximide on learning and retention of an avoidance task in mice. 
Cycloheximide is a potent inhibitor of brain protein synthesis, and for our 
purposes may be considered to be the same as acetoxycycloheximide. They 
found that while puromycin-injected mice were unable to learn the avoidance 
problem, cycloheximide-injected mice learned and retained it quite well. Thus, 
despite the fact that the brains of heximide-treated mice showed the greater 
degree of protein synthesis impairment, Barondes and Cohen concluded that 
these results were not in accord with the theory that continued protein synthesis 
is necessary for consolidation of memory. . 

In their second study, Barondes and Cohen (1967b) noted that all the studies 
on the effects of these protein inhibitors in mice gave what they termed 
“prolonged training” despite the fact that mice learned to solve the problem ina 
relatively small number of trials. In other words, animals were overtrained, 
which might make it difficult to detect interference with memory by the drugs. 
In this study, Barondes and Cohen ran their animals to one of two criteria: nine 
correct responses out of ten consecutive trials (prolonged training), or three out 
of four (brief training). Acetoxycycloheximide was injected prior to training, as 
in the previous work. In those animals receiving brief training it was found that 
retention was normal at three hours after training, but at six hours and 
thereafter there was a marked impairment in retention. In those animals 
receiving prolonged training, however, no impairment was seen even after several 
days and with very high doses of the drug. 

These results are in accord with Barondes’ and Cohen’s earlier view that 
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learning and consolidation are not dependent on cerebral protein synthesis. 
However, they were now able to conclude that a separate long-term memory 
process apparently is dependent on such synthesis. It should be noted that these 
authors reported that this “long-term memory disruption” is not easily 


necessary condition. After a brief review of 
theory, we shall examine Flexner's 
puromycin and memory into a theory 


Katz and Halstead’s (1950) historic 
attempt to bring together his data on 
memory, 


Theories of Protein as the Memory Molecule 


The evidence from puromycin and TCAP studies Suggests a central role for 
protein in memory. The beginnings of further Support are found in the 
experiment of Caldwell and Churchill (1967) in which Pregnant rats deprived of 
protein in the second half of gestation Produced Progeny severe] diden tin 
maze learning ability. These results Suggest the question of "à zrectiantsm 
whereby protein might encode and store memory, Two theoties i, E 人 
advanced which propose a central role for protein in memory, av 


Katz and Halstead’s Nucleoprotein Theory 


Katz and Halstead’s (1950) theory, as we have noted ‘ : 
little attention, partly because of a fundamental error Rund Voss 
remains, however, a valuable example of how relatively e ted » 
biochemical thinking can be applied to behavioral Problems, Aq dition E ris 
historical value as the first systematic theory of the chemical fades y it has 
They based their theory on the analogy between genetics ang «ey fa 


supra p. 35). At the time of their work it was generally assumed at a ra 
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was composed of one nucleoprotein molecule, and so it was natural for Katz and 
Halstead to attempt to apply the same system to individual memory. They 
asserted that memory might consist of the formation of new protein molecules 
in central nervous system neurons. These new molecules would encode memory 
in the way genes encode hereditary information, and would, presumably, read 
out memory in an analogous manner. 

They went on to suggest that the new molecules of various cells extend from 
one cell to the next to form protein latticeworks, and it is these latticeworks 
that actually constitute the memory trace. Katz and Halstead conceived of a 
neuron as inactive until it became part of a neural network through construction 
of a lattice. Different memory traces were thought to be distinguished from each 
other by the chemical structure of their lattices. 

Katz and Halstead believed that the unorganized neuron was incapable of 
impulse conduction, and contained a random array of protein molecules. The 
first impulse to come to the neuron caused a rearrangement of this random 
protein into an ordered array whereupon the neuron could subsequently 
conduct impulses. Once the first neuron of a network was organized the 
organization spread to an adjacent neuron, by some unknown mechanism. This 
process of propagation was felt to continue through the cortex until it 
encountered an already-organized neuron or one deficient in the protein being 


organized. Katz and Halstead pointed out that memory traces might not be so 


linear as is implied by this description, but rather might spread in several 
Also, various traces would set up 


‘directions from a common point. 


interrelationships based on common chemical characteristics. . 
Katz and Halstead were incorrect in their basic assumption and unfounded in 


some of their further ones. It is interesting to note, however, that although most 
subsequent theories have involved protein changes to some extent, it was not 
until very recently that any other theorists have even attempted to propose a 
mechanism for these changes. The mechanism proposed by Katz and Halstead 
was based on the “core conductor" view of the neuron, and considered the 
membrane to be à semiconductor. The steps involved in p development of the 
model are beyond the scope of this paper and can be found in the Katz and 


nograph. 
Halstead (1950) rit h largely untestable experimentally, and so has 


d Halstead's theory is 
oe as a theory of memory. It remains, however, the first attempt at a 
itte 


molecular view of memory processes. 


Flexner’s “Self-inducing System" Theory 


the review of the work with puromycin and acetoxycycloheximide (v. 
In evidence was presented indicating that memory might be dependent upon 
supra) (a) continued protein synthesis and (b) preservation of mRNA, as 


tors: s: 
Bein d by the depression of mRNA decay by acetoxycycloheximide. In 
in 
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Flexner's theory (Flexner et al., 1967) long-term memory is dependent not on 
the continued presence of any particular protein or nucleic acid molecule, but 
on the establishment of a self-sustaining system for their maintenance. 

The process proposed by Flexner is analogous to the phenomenon of gene 
repression. When the products of a gene’s expression act as inducers 
(derepressors) of that gene, a self-sustaining system is set up (this constitutes 
DNA derepression, as in the theories of Hydén [1967] and Gaito [1966b] , 
described above). If the gene is repressed, inducers are not synthesized and the 
Bene remains in a repressed state. Conversely, if the gene is induced for a 
sufficient time the inducers will accumulate above 8 critical level and the gene 
will remain in the induced state unless synthetic processes are inhibited and the 
reserve of inducers is used up (Flexner et al, 1967). A similar self-inducing 
system is applied to learning in Flexner's theory. 


Thus, loss of the mRNA would lead to loss of t 
of memory, as was seen to be the case in research wi ; A 
synthesis were depressed but mRNA conserved, as ee a e 
loss of memory would be temporary. This temporary memory loss with 
acetoxycycloheximide has been reported (Flexner, Flexner, and Roberts, 1966) 

As Flexner et al. (1967) point out, only a beginning has been made a 
the self-inducing system theory experimentally. It is important to note dee 
that all of the data accrued to date have been favorable to this view, Fur th ihe 
theory is in accord with the results of Hydén’s group (Hydén and : -- rs 
Hydén and Lange, 1965) reporting increases i gyhazi, j 


in nuclear RNA follow} Pa 
and with the recent work of Zemp, Wilson, Schlesinger, Bosan ww. waka 


(1966) demonstrating increased synthesis of nuclear RNA during learning 


he protein and permanent loss 


Summary of Protein as the Memory Molecule 


Research on protein as a possible memory substrate 
greatest probability of success of any of the research reviewed in ne rrp 
chapters. This is especially true when the research reviewed ít this 2 ee 
taken together with the results of studies of inter-animal transfer : apter is 
which will be reviewed in the next chapter. This work Originally en 
for the RNA theories but now appears to support the Protein view, ed promise 
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VII 


STUDIES 
OF INTER-ANIMAL 
TRANSFER 
OF LEARNING 


Given the premise that memory storage involves the establishment of a 
chemical trace, it might be possible to extract this trace unharmed and implant it 
in a recipient! animal in a manner analogous to the way that organs are donated 
and received. Work on inter-animal transfer of learning has taken two main lines. 
First, work has been done with the planarian Dugesia on inter- and intra-animal 
transfer. Second, more extensive research has been done recently on inter-animal 
transfer in mammals, generally rats or mice. In the latter case two methods are 
used: (a) extraction of a single substance, e.g., RNA, from donor brains and its 
injection into recipients and (b) homogenization of entire donor brains, and 
subsequent injection of the homogenates into recipients. 

The research done on inter-animal transfer, especially that using mammalian 
species, has yielded results which are often contradictory and always complex, 
This review will not stay closely with chronological order, but rather will 
attempt to present the studies in such an order as to indicate which results seem 
to represent real effects, and which seem to be unreplicable or due to some 


methodological artifact. 
Research with Planaria? 


Much of the research on learning in Planaria has been done by a group of 
ors headed by McConnell (see McConnell, 1962). Experiments with 


investigat 
d or naive animals sacrificed to 


yn this chapter the term “donor” will refer to trained or naive a 
proyide material for injection into other animals, designated “recipients”. 

2 As McConnell d pointed out (personal communication) the plural of planarian is 
planarians. e term : ae is a generic term. I mention this because of the common error 
of using planar for the plural of planarian. 
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these organisms are of two types, both of which are relevant to the subject of 
this review. The first type of experiment involves intra-animal rather than 
inter-animal transfer. It entails transecting the planarian, allowing regeneration 
to take place, and testing for retention of previously conditioned response. The 


second type of experiment deals with true inter-animal transfer through 
ingestion of trained donors by naive recipients. 


Intra-animal Transfer 


The first study of retention following regeneration was carried out by 
McConnell, Jacobson, and Kimble (1959). These experimenters trained 
planarians in a classical conditioning procedure, then cut them across the middle 
and allowed them to regenerate fully. This yielded two animals for every one 
conditioned. The regenerates were then retrained to assess savings. Control 
groups consisted of naive regenerates trained at the same interval after being cut, 
and uncut worms trained and then tested for retention after a month to control 
for decay of retention. Experimental animals (regenerates) showed retention 
equal to that of uncut controls, regardless of whether the regenerate came from à 
“tail” or “head” half. 

Some supportive evidence indicatin 
might indeed be chemical was provide 
(1961). These investigators reasone 
tail-halves, memory of the conditione 


were deficient in RNA, and hence naive with respect to the prior training of the 
tail. In the case of trained heads, however, a greater degree of retention might be 
expected, since only a non-dominant tail is regenerated, 8 

Corning and John trained planarians in a classical conditioni 
involving paired light and shock. Their design consisted 
groups, one regenerated in RNAse and the other in pond w. 
ran eight control groups to control for factors such a 
RNAse, time elapsed between training and te 
training the animals, cutting them, and allowi 
to take place. Animals were then tested for re 
for retention. 

Corning and John’s results indicated that Tegeneration i RI 
contrasted with water) does not affect acquisition (flexis e os 
Furthermore, transection alone does not interfere with acquisitio 8) a versely. 
nor were there time course effects. The data further indicated ee 
and retention of head halves regenerated in RNA e learning 


S€ Were not affected, tail halves 


ng procedure 
of two experimental 
ater. In addition, they 
; S sensitization due to 
Sting, and effect of RNAse on 
ades to 18 days for regeneration 

ion, Tetrained, and again tested 
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regenerated in this way were severely deficient in retention of the CR, although 
they did show some savings in retraining. 

The results of Corning and John’s study appear to provide evidence consistent 
with chemical storage of memory in the planarian by RNA. However, caution 
must be exercised in the interpretation of these results because of an irregularity 
in the statistical analysis employed. In their paper Corning and John report only 
the results of those t-tests which reached significance (P < .05). While they do not 
report how many t-tests they ran overall, it appears that they compared all 
combinations of groups, conditions, and stages of training for a total of 148 
t-tests, of which 14, or 9.5%, yielded significant results. Although Corning and 
John indicated that some comparisons were critical and others were not 
expected to yield a difference, it is impossible to state which of the significant 
results represent true effects and which are part of those which would be 
expected to exceed significance by chance alone. To ascertain this would require 
a replication making only those comparisons which proved significant to see 
which if any represent replicable effects. More important evidence against the 
wholehearted acceptance of Corning and John's results comes from the work of 
Halas, to be discussed below. 


Inter-animal transfer 


Besides working with the sort of intra-animal transfer procedures we have 
been discussing, investigators have also attempted to transfer memory from one 
planarian to another through ingestion. This procedure involves training a donor 
worm, chopping this donor into small pieces, and feeding it to an untrained 
recipient worm. McConnell (1962) noted that 


since planarians have but the most rudimentary of digestive tracts, there 
seemed an excellent chance that the tissue from the food worm would pass 


into the body of the cannibal relatively unchanged (p. 48). 


cited a series of studies in which this procedure was used 
with the added precaution of the use of a "blind" running technique, wherein 
the experimenter is unaware of the group identity of the animals he is running. 
This procedure was not used in the earlier work on regeneration. In all of these 
studies, recipients of material from trained donors performed at or near the 
criterion of learning from the first day of training, while control animals 
(recipients from naive donors) took several days to reach this level. McConnell 
(1962) interpreted these results as evidence of a chemical basis for memory in 
Planaria, speculating on thë possibility of extracting specific chemical substances 
he donor tissue before feeding it to recipients in order to further delineate 
f this chemical substrate. 

rtant factor which must be considered in the discussion of work 


is the possibility of errors in response detection (Rosenthal 1963) 


McConnell (1962) 


from t 
the nature © 

An impo 
with Planaria 
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In work with an organism of this size, it would seem likely that the 
experimenter’s expectancies might enter into his judgment of whether or not a 
response has occurred. Rosenthal and Halas (1962) and Cordaro and Ison (1963) 
demonstrated the susceptibility of studies with Planaria to this sort of effect. 
While the studies of Corning and John (1961) and McConnell (1962) used blind 
procedures to circumvent this problem, much of the work in this area, including 
that on regeneration of planarians (v. supra) has ignored this problem instead of 
controlling for it. 

If the inter-animal transfer effects obtained by McConnell’s group are valid, 
they would seem to provide a tool of tremendous value for the study of 
chemical substrates of memory. There is, however, 
effect is not a valid one. Hartry, 
McConnell’s procedures and elab 


oups were run, o i ini n 
control group » one of which pient group for naive 
donors, and the other as a naive non-recipi 


other ; 2 
learning of the light-exposed, shock-exposed, a groups mentioned, The rapid 
the performance of previously conditioned wo 
Hartry et al. pointed out, their results do not ar 
memory transfer might exist, but they do Provide oan m Saad x 
explanation for the results of studies of memory transfer bres le ps e 
results obtained by Hartry et al. have Since been confirmed b Planarians, These 
1966; Walker and Milton, 1966). Y Walker (Walker, 

The work of Hartry et al. on sensitization effects in inte 
work with Planaria is part of ira of research Which h 
ossibility that all of the work on learnin » intra.ani 
interanima] transfer in Planaria may be base T largely on aster, and 
experimental situation. The major work in this area h Macts of the 


. as been d, 
his associates. In their first study (Halas, James, and Sa L = a 


rms 


T-animal transfer 
‘as indicated the 


Studies of Inter-animal Transfer of Learning 63 


experimenters investigated the possibility that light, which had been commonly 
used as a CS in Planaria conditioning, might be a UCS of sufficient potency to 
evoke behavior which appeared to be conditioning. They ran four groups of 
animals under the combination of light and shock pairing and found that light 
could elicit responses of cephalic turning and longitudinal body contraction. 
These responses occurred at high rates in animals exposed either to light or to 
shock, and did not occur in control animals which were not exposed to either. 
Furthermore, groups receiving paired light and shock did not differ from the 
groups receiving either alone. The authors concluded that while studies by the 


McConnell group 


used light as a CS, the results of the present study indicate that light is a 
US... future investigators should be aware of the effects of strong light 


upon planaria (pp.304-5) . 


They note, however, that their study is not directly comparable to previous 


work because of procedural differences. 
In a second study, Halas, James, and Knutson (1962) attempted to replicate 


the experiment of Thompson and McConnell (1955), which is generally cited as 
the reference experiment on classical conditioning of the planarian (cf. Kimble, 
1961). The results obtained by Halas, James and Knutson showed marked 
differences from those of Thompson and McConnell. The differences, like the 
results of Halas, James, and Stone (1961), indicated 
in the Thompson and McConnell procedure was ac 
authors stated that 


that the light CS employed 
tually acting as a US. The 


the labeling of the phenomenon of pairing a weak US and a strong US as 
classical conditioning may not be correct... perhaps it would be more 
accurate to use...alpha conditioning or... sensitization (reflex 


sensitization) as an explanation for the results (p. 971). 


A further problem in work on classical conditioning of the planarian is 
t by the experiment of Halas, Mulry, and DeBoer (1962) on the 
the UCS shock electrodes. This study indicated clear 
behavioral differences in conditioning ofa response involving approach to a light 
CS to escape shock as a function of polarity. This factor. of differential 
sensitivity to current polarization was not, of course, controlled in earlier studies 
on planarian conditioning. It has particular relevance for the inter- and 
intra-animal transfer paradigms where variables such as this one and the 
unconditioned response to light shown by Halas, James, and Stone (1961) as 
well could easily lead to responses on the part of recipient animals which appear 
to be CRs, but are in fact the result of sensitization. The importance of 
sensitization as à confounding variable in inter-animal conditioning has already 
been po 


nted out by the work of Hartry et al. (1964). 


pointed ou i 
effects of polarity of 
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In a later study James and Halas (1964a) attempted to determine whether 
conditioning occurred using the McConnell paradigm through the use of 
resistance to extinction as an index of learning. They felt that whereas measures 
during training might reflect the effects of such performance variables as 
sensitization, the demonstration of differences in resistance to extinction as a 
function of differing amounts of practice would provide a clear indication of 
learning. They trained 12 groups of planarians with 0, 150, 300, or 450 trials of 
either paired light and shock, light alone, or unpaired light and shock. Analyses - 
of performance over 100 extinction trials indicated no differences among the 12 
groups. James and Halas concluded that factors such as sensitization and 


sensitization, he argued, is not the real issue. 


The validity of McConnell’s argument, as James and Halas (1964b) point out 


in their reply, is questionable. Transfer of learning cannot be demonstrated 
unless learning can be shown 


pointed out by the work of Hartry et al. (1964) and the studies of Halas and his 


encouraging and often Spectacular, considerations su 


sensitization effects, and the question of whether planarians are actually 
conditionable limit the application of these results, 
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Research with Mammals 


RNA Extraction Studies 


Despite the fact that the evidence on inter-animal transfer of memory in 
Planaria was at best tenuous, it did stimulate interest in the possibility that a 
similar phenomenon might exist in higher animals. The first work on 
inter-animal transfer in rats was done by a group of Danish investigators 
(Fjerdingstad, Nissen, and Rgigaard-Petersen, 1965) using a two-alley runway 
discrimination task for a water reward. Donor animals were trained on this task 
and then sacrificed. Their brains were removed and subjected to chemical 
procedures to extract their RNA. The extracted RNA was then injected 
intracisternally into naive recipients, which were then tested on the same task. 
All donors and recipients were trained with light as the positive discrimination. 
Control groups received either RNA from naive brains or no injection. Animals 
in the group receiving "trained" RNA were found to learn significantly more 
quickly than either of the controls, which did not differ. 

In a second study (Nissen, Rgigaard-Petersen and Fjerdingstad, 1965) the 
same experimenters investigated the effects of different types of training of 
donors on recipient behavior. In this study donors were trained on the same 
problem as was used in the earlier experiment, with the addition of a group 
trained on dark as the positive stimulus. Recipient animals were then trained 
either on the preference to which the donors had been conditioned or on the 
opposite preference until all were at approximately equal levels of performance, 
and then they were given reversal training. The results indicated an effect of the 
donor training that could be characterized as negative transfer. That is, animals 
injected with “light-trained” RNA performed better with dark as the positive 
stimulus, and vice versa. Nissen et al. reported no differences in running speed 
between any of their groups. 

It should be noted that the purity of the RNA extracts used in these and 
other studies is open to question. As we shall discuss below, it is highly probable 
that they contained some amounts of protein and DNA, as well as phenol 
contamination from the extraction procedure. 

Interest in memory transfer in this country began with a series of studies 
done by a group of investigators headed by Jacobson. In their first study 
(Babich, Jacobson, Bubash, and Jacobson, 1965) donor rats were trained to 
approach a food cup when a click was sounded. RNA extracted from the brains 
of these donors was injected intraperitoneally into naive recipients which were 
then tested without reinforcement for approach to the food cup at the click 
signal. Control recipients were injected with RNA from naive donors. Approach 
behavior was evaluated by two judges under a blind procedure. It was found that 
recipients of trained brain showed greater tendencies to approach the food cup 
than did controls. These results were extended to cross-species inter-animal 
transfer in a later study (Babich, Jacobson, and Bubash, 1965). In this 
experiment, a procedure identical to that of the first study was employed with 
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the exception that the donor animals were hamsters and the recipients rats. 
Again, recipients of RNA from trained donors showed significantly greater 
approach behavior than did controls. 

In another study (Jacobson, Babich, Bubash, and Jacobson, 1965) a 
differential procedure was employed. Two donor groups were trained ‘to 
approach the food cup to either a click or a light. Recipients were tested with 
both stimuli, and showed a significant tendency to approach at the signal on 
which their donors were trained, and not on the other signal. 

In a fourth study (Jacobson, Babich, Bubash, and Goren, 1966) Jacobson’s 
group attempted to extend the memory transfer effect to include differential 
instrumental learning. For this purpose rats were trained in a double runway. An 
analysis of the number of rats which chose the “correct” side on a majority of 
trials as opposed to the number which did not indicated that there was a 
significant tendency for the recipients of “trained RNA” to follow their donors’ 
preference. This, however, is an analysis of absolute preference. Any rat which 
went to the correct side 13 out of 25 trials or more was judged as having 
demonstrated transfer. Since a score of 13 out of 25 is very close to chance 
behavior in a two choice Situation, it is instructive to examine the data Jacobson 
et al. present on the preferences of the individual rats. These data indicate that 
the vast majority of the rats chose the side to which their donors had been 
trained 15 out of 25 times or less, Only 4 rats out of 42 chose the correct side 
more than 16 times, and 13 chose this side 12 times or fewer. Thus, 25 rats out 
of 42 showed a weak (13 to 15 correct in 25 trials) tendency to respond 
according to their donors’ preferences (cf. Barker, 1966, below). 


The work of Jacobson’s group has been subjected to extensive criticism. 
Carney (1965) criticized the first st 


grounds. First he noted that while don 
to eat from the food cup, 


experiment were not subject 


were being done to institute these 
Jacobson et al., 1965; 1966) above. 
that of the response measure used, 
ummatory response was only the end 


controls—we have reviewed these studies ( 
With regard to Carney's first criticism, 
Jacobson's reply was that the actual cons 
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a : vraie cot involving approach. Carney's point, however, is an important 
e. s possi le that, through an activating effect on the injections, recipient 
animals in the Babich ez al. experiment might have been merely orienting to the 
click; under certain conditions, this orientation could be scored as an approach 
response. Furthermore, if learning was being transferred, it would seem 
reasonable to expect some food cup activity on the part of the recipients. Babich 
et al. do not report this, nor does Jacobson in his reply to Carney. 

Barker (1966) criticized the Jacobson et al. (1966) maze study. He stated, 
“All that a significantly large Chi square implies, in this case, is a lack of 
independence between 'preference of injected rats’ and ‘side to which donor was 
trained’, It does not indicate that one determined the other” (p. 314). In his 
reply, Jacobson (1966a) conceded that “perhaps in [the use of a 13 out of 25 
criterion] we inadvertently capitalized on the vagaries of X? s" (p. 334). 
Jacobson further admitted that the conclusion of transfer of learning may have 
been “too strongly stated” (p.334). 

In the Jacobson et al.(1966) maze study recipient animals, after being tested 
for preferences, were used as donors for the next replication. Worthington and 
Macmillan (1966) criticized this procedure, since it gave rise to a total of ten 
non-independent treatment groups rather than the one group assumed in the 
data analysis. Each of these ten groups differed in the nature of the material 
injected into its donors. Jacobson (1966b) replied to this that since all 
recipient-donors were trained to the same side as their donors, “any systematic 
biases in recipient animals are attributable to training of donor animals” (p. 
298). This statement implied, in effect, that there will be no effect to the use of 
several “generations” of recipients. That is, it implies that injection of material 
from donor animals will have no effect upon the brains of the recipients. This is 
a questionable assumption at best. Indeed, if it were true, it would be difficult to 
conceive of how such injections would transfer learning. 

It would appear, then, that the experiments of Jacobson’s group do not 
provide unequivocal support for the phenomenon of memory transfer via “RNA 
extracts”. It will be remembered, however, that the Danish experiments 
reviewed above (Fjerdingstad et al., 1965; Nissen ef al., 1965) did indicate the 
possible existence of such an effect. Later experiments have continued to report 
negative results. 

Corson and Enesco, in a series of unpublished studies, attempted to replicate 
the first Babich et al. (1965) study (John Corson, personal communication, 
1966). These investigators performed several experiments, at first closely 
adhering to and later modifying the technique of Babich ez al. Despite 
numerous behavioral and biochemical manipulations, they were never able to 


obtain transfer. 
In their attempts to replicate the chemical manipulations of the Jacobson 
group, Corson and Enesco found that significant amounts of protein (peptide) 
e extraction procedures) were left in the 


material and of phenol (from th 
so-called RNA extracts. In view of this and of Rosenblatt’s work (below) it 


68 Studies of Inter-animal Transfer of Learning 


would be naive to accept the Jacobson experiments at face value. Even if 
transfer were clearly shown in these studies (which it was not), the question of 
whether this was RNA-mediated, protein-mediated or complexly mediated 
transfer would remain. It is also important to note, in the light of the 
sensitization effects already discussed, that phenol might act as a stimulant. 


Gross and Carey (1965) using apparatus and procedures virtually identical to 
those of Babich et al. also failed’ to find transfer. 


Luttges, Johnson, Buck, Holland, and McGaugh (1966) performed a series of 
seven different experiments in which they attempted to obtain transfer using 
extracted RNA. The subjects in the seven experiments were variously rats and 
mice, and behavorial tasks included learning for both positive and negative 
reinforcement in maze, shuttle box, and passive avoidance situations. Extracted 


RNA was injected intraperitoneally in six of the experiments, and 


intraventricularly in the seventh. In an eighth experiment radioactively labelled 


Additionally, the labelling 
ing into the brain. In view of 
he failure of Gross and Carey 
Luttges et al, conclude "such 


Fé ie a non-injected group to provide data on base rates of 
Tesponding in this situation These investigators al i i 

. tain 
RNA-mediated transfer, ° ee Dae 


escape. It was found that RNA e 
donor rats was able to mediate t 


liver RNA 
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from untrained or motor trained donors. Essman and Lehrer further noted that 
recipients injected with yeast RNA did not differ from those injected with saline 
solution or with extracts from untrained or motor-trained donors. Although it is 
difficult to assess, the abstract indicates that a factorial design was used, and that 
recipients of extracts from like-trained donors were superior to those receiving 
extracts from opposite-trained donors, indicating the transfer of a specific 
response. 

It is interesting to note that throughout the abstracts of their two reports, 
Essman and Lehrer place the terms “RNA” and “RNA extracts” in quotes. 
While no explanation is given for this, one might reasonably infer that this 
indicates a feeling on the part of the authors that the extracts contained material 
other than RNA. In the light of the studies reviewed alone, this does not seem 
improbable. 

Gay and Raphelson (1967) extracted RNA from the brains of two groups of 
donor rats, one of which had received PAR training in a dark chamber. Despite 
the fact that rats normally will seek out a dark place, the recipients injected with 
RNA extracts from the PAR-trained groups showed significantly greater 
avoidance of the dark chamber. Similarly, Revusky and DeVenuto (1967) 
reported transfer of an aversion to saccharin solution via RNA extracts. This 
result is particularly interesting in view of the fact that the aversion was induced 
by X-irradiation. X-ray-induced aversion has been shown to transfer via blood 
factors from one member of a parabiotic preparation to the other (Hunt, Carroll, 
and Kimeldorf, 1965); this might indicate that some common factor is 
responsible for the transfer in the two situations. 

At a recent and as yet unpublished symposium on this area of research, 
several papers were given which may shed light on this confused area. A full 
discussion of this work must await publication of the proceedings of this 
symposium. However, some mention of a few of these papers would seem 
appropriate at this time. 

Rucker and Halstead (1967) reported a series of experiments in which they 
tested for the effects of injections of RNA extracted from yeast or from donor 
rats on discrimination learning of recipients. Yeast RNA was not found to affect 
behavior, a result consistent with those reviewed in Chapter V. Using the transfer 
paradigm, Rucker and Halstead found both positive and negative transfer effects. 
They suggested the existence of several "factors" in the extracts, each, so to 
speak, pulling in different directions. Evaluation of this notion must await 
publication of the full report. i 

In another paper at the symposium, McConnell, Shigehisa, and Salive (1967) 
presented data covering 2% years of experiments in which over a thousand rats 
were tested for transfer via RNA. While their results were not unequivocal, there 
were strong indications that some sort of informational transfer can be made to 
occur, and that a start had been made toward delineating the mechanism for this 
transfer. Once again, full evaluation must await publication of the report. 

As contradictory data continued to accumulate on the phenomenon of 
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inter-animal transfer via RNA extracts, a report was published (Byrne ef al., 
1966) summarizing the results obtained by 23 investigators at 7 different 
laboratories. All of these results 
because these experimenters had fai 


other means. 


Non-RNA Studies 


» Caused a loss of the transfer 
etype material” (p, 302) was responsible 


© recipients were tested for 


speed of habituation to both stimuli. Ungar found that the habituation 


transferred was specific to the donor training, a ; E 
depression of activity would not explain the ae oaa eting that a simple 
Ungar extended these results to maze learning in two b. i 
(Ungar, 1967; Ungar and Irwin, 1967). In these Studies "ig Sequent studies 
left- or right-turn response in a Y maze, and recipients s Were trained ona 
preference, without reward. Again, Iesponse-specific Fee tested for side 
Ungar concluded in these studies that While the Mëdha wis obtained. 
unclear, the medium seems to be proteins or Peptides, and not i i transfer is 

Rosenblatt and his co-workers in an extensive Series of ms eic acids. 
explored various aspects of the inter-animal transfer effect, In Pe e have 
(Rosenblatt, Farrow, and Herblin, 1966) they replicated che e first paper 
extraction techniques of Babich ef al. (1965) using RNA Skis o havioral and 
portions of the brain as well as from the brain as 4 Whole, the eka 
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Babich et al. Additionally, two groups received RNA extract which had been 
incubated with RNAse to destroy their RNA. These extracts were from trained 
whole brain for one group and from trained cerebellum in the other. Aside from 
these added groups, the only major departure from the procedure of Babich et 
al. was in the use of pooled extracts—Babich et al. had injected each recipient rat 
with one donor's brain, while Rosenblatt et al. pooled all of the donor brains 
and divided the extract equally among recipients. The results of this study 
indicated a significant transfer effect, although somewhat weaker than that 
obtained by Babich ef al with the same training and extraction procedures. 
Furthermore, the cerebellar extracts and the RNA-free extracts proved to be as 
potent as the cerebral extract. Through further testing Rosenblatt ef al. 
demonstrated that the extracts used by Jacobson’s group probably contained 
significant amounts of protein, contrary to the reported absence of protein by 
Babich e al. (1965). 

In a second paper Rosenblatt, Farrow, and Rhine (1966) performed a series 
of ten experiments to investigate certain parameters of the inter-animal transfer 
phenomenon. These included possible activity differences between recipients of 
trained and untrained extracts, the range and specificity of behavior which is 
transferrable, the chemical nature of the transfer substance, and the effects of 
various behavioral manipulations. A variety of tasks was used, including the 
click-approach paradigm of Babich et al, active and passive avoidance, and simple 
Skinner box and Y-maze spatial discriminations. All of these tasks were found to 
be susceptible to transfer. Some indication was found that tasks which make use 


of a definite cue stimulus such as a click or a light transfer more readily than 


tasks without these cues. - 
Activity measures showed a significant effect in this study. Recipients of 


trained brain extracts were more active than controls in terms of their respective 
blatt ef al, also compared the pooled brain extract method 


bar press rates. Rosen l : 
used in their previous study with the 1:1 method of Babich ez al. No significant 


difference was found between these techniques. 
In their consideration of the various types of extracts used, Rosenblatt, 


Farrow, and Rhine noted several points of interest. First, while both cerebral 
and cerebellar extracts were shown to support transfer, the cerebellar extracts 
es onsiderably less potent. Second, the finding of Rosenblatt, Farrow, and 
Rhine (1966) and of Ungar and Oceguara-Navarro (1965) that incubation with 
RNASE did not affect transfer was confirmed. Third, it was noted that the 

tract of greatest potency was the tissue fraction with a molecular weight range 
extra i o 5.000, although transfer effects were found for molecular weight 
from 4, to 10,000. The fact that no fractions over 10,000 were effective as 


tions up A i 
fracti dia indicates that large proteins are probably not involved in transfer. 


me 

Sam et al. concluded that the transfer molecule is most probably a 
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oy blatt and Miller (1966) investigated the dose-response relationships 


:volved in the transfer phenomenon using spatial discrimination training as the 
in 


72 Studies of Inter-animal Transfer of Learning 


behavioral test. They found that at low doses (equivalent to one donor brain per 
recipient or less) there is often negative transfer. That is, the recipients respond 
Opposite to the donors’ training. Rosenblatt and Miller refer to this phenomenon 
as an “inversion effect”, and state that it might be due to the transfer at low 
doses of a general familiarity with the situation without transfer of specific 
learned responses. This familiarity would reduce fear and cause the rats to show 
more exploratory behavior in the apparatus, and therefore poorer performance 
on the learning task. With increasing doses, more specific behaviors are 
transferred, resulting in better performance. 

They stated that failures to obtain transfer such as those reported by 
Byrne et al. (1966) may be due to behavioral ambiguities caused by inversion 
to transfer. They further noted that the use of RNA extracts might be 
detrimental to obtaining transfer, since their results indicate that RNA is 
not involved. 

Albert (1966) approached the problem of memory transfer in a way which is 


very different from the studies we have reviewed thus far. His procedure 
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was the basis for information storage. Evaluation of this work must await the 
publication of a full report. 

Dyal, Golub and Marrone (1967) confirmed and extended the findings of 
Byrne’s group on transfer of the bar-press response. These investigators tested 
both for transfer of bar pressing and for approaches to the feeding mechanisms 
(measured by crossing of a photocell beam). They ran two experimental groups, 
each with yoked controls. The first received only continuous reinforcement 
training, while the second received this and also extinction and reacquisition 
training. They found (and replicated) transfer both of bar pressing and of 
magazine approach only in the second, more extensively trained group. Dyal, et 
al. advanced the hypothesis that some general activating factor might be involved 
in the transfer effect, since in their laboratory transfer and heightened activity 
seem to occur together. 

Another study by this group (Dyal and Golub, 19672) studied transfer of a 
black-white (brightness) discrimination, and found that while some transfer may 
have occurred, application of a particularly rigorous statistical procedure 
indicated that it had not. Specifically, in this experiment donor rats were trained 
to approach either a black or a white alley, and this preference was to be 
transferred to donors via injections of brain homogenates. Recipient rats were 
assigned their injections on the basis of their pre-injection preference for black 
or white, recipients being given injections which went against their initial 
preference. In their analysis of change scores (number of post-injection choices 
of the "correct" side minus number of pre-injection choices), Dyal and Golub 
t 12 Ss showed positive scores (preferred the “correct” stimulus), 
d negative scores (preferred their original stimulus), and three 
f 0 (showed no preference). As Dyal and Golub noted, this type 
of data is generally analyzed by use of the sign test, which ignores tied scores 
(scores of 0). Analysis by this method indicates a significant shift of the Ss’ 
preferences. However, if the three Ss with scores of zero are considered to have 
gone against the hypothesis, i.e. am grouped with those Ss showing negative 
scores, the results fail to support the transfer hypothesis. As the authors point 
in an area such as this one it behooves researchers to report all results, 

"ive and negative, and to take the most conservative statistical approach. The 
positive ible interpretations of these data illustrate this point well. 
two possi m paper at the AAAS symposium, Dyal and Golub (1967b) 
S: d the question raised by their first experiment of the specificity of the 
investigate e ot Again, a full report of this paper is not yet available, but after 
transfer e : Meet done in their laboratory, the authors concluded that the 
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by providing an already-organized memory system for the injected material to 
reactivate. They used a procedure developed by Campbell and Jaynes (1966) 
called “memory reinstatement.” In this procedure groups of weanling rats 
(about 21 days old) are exposed to inescapable foot shock in a black box, with 
rest periods in a white box. When tested four weeks later, none of these rats 
showed any retention for the experience (i.e, they showed no aversion to the 
black box or preference for the white). Another group, however, which received 
the same treatment at 21 days, and in addition were given one-minute “refresher 
courses” once each week during the four-week retention period, showed 
excellent retention and preferred the white box. (A third group received only 
the “refresher course,” and after four weeks showed no preference for the white 
box.) Krech et al. emphasized that this experience is retained only if the nervous 
system is given occasional "reminders," and attempted to substitute injections of 
brain homogenates from trained animals for the weekly “refresher courses." 
Their data were not wholly unequivocal, but in a series of experiments using 
several different procedures, they found that injections of trained brain 
homogenates, and occasionally also liver homogenates, served as effective 
memory boosters. The results with liver are not readily understandable, but it is 
noteworthy that Essman and Lehrer (1966, above) reported a similar result. 
Evaluation of these data must await publication of the complete report, but 
assuming that this is a replicable effect, this may provide a task which could be 
used to study the transfer phenomenon, as is clear from this review, Much time 


has been spent so far in attempting to determine the conditions under which 
transfer occurs reliably so that 


task, if it is replicable, is si 
medium whereby experiment 
of'the phenomenon. 
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Gurowitz (1967) attempted to meet these needs and, in addition, to increase 
the probability of obtaining transfer by pre-training his donors Also, he 
attempted to control for contaminating factors such as activation or 
sensitization. He used whole brain dialysates to provide for a minimum 
possibility of chemical error and at the same time allow for transfer via a variety 
of possible chemical media. Furthermore, use of a visual discrimination task 
multiple measures of learning and performance, and non-injected control groups, 
as well as those injected with naive brain, provided additional controls. i 

In this study, Gurowitz failed to find any indication of transfer, either 
positive or negative, as measured by trials to criterion or by progress of learning. 
He also failed to find any systematic effect on response rates. In a further 
investigation of the transfer phenomenon, Gurowitz and Gross (1968) measured 
changes in overall activity level (Ss were housed in running wheels with cages 
attached for 18 days), food intake and water intake as a function of injections of 
brain material. They found that injections of any brain homogenates, whether 
from trained or naive donors, caused a transitory decrease in activity (one day) 
and in food intake (two days). Gurowitz and Gross attributed this depression of 
function to illness in the rats caused by immune reactions to the homogenates. 
and suggested that the existence of this depression might account for the 
positive results of earlier transfer studies, which tested animals during the 


depressed period. In the study of Ungar and Oceguera-Navarro (1966), for 
example, animals tested during the depressed period might have appeared to 
show rapid habituation, because habituation is facilitated by depressed agents. 
This hypothesis is complicated, however, by Ungar's later finding (1966) that 
the transfer was of a more specific nature than would be expected from this 


view, 
Summary of Inter-animal Transfer 


The research we have reviewed in this chapter is far from clear in its 
implications. From an a priori standpoint, the evidence that memory is chemical 
in nature makes the idea of inter-animal transfer seem plausible. The early 
planarian work seemed to indicate that such a phenomenon did exist, but later 
research indicated that certain very basic problems complicated this view. First 
of all, there is the question of whether planarians are capable of showing true 
learning. Despite a great deal of research and debate, this question remains 
unresolved. Secondly, evidence exists to indicate that the planarian inter-animal 
transfer results might be attributable to sensitization effects. 

Similarly, the early work with mammalian species seemed to indicate trans- 
fer, both via RNA and other media. Here, as in the planarian work, negative 
evidence was quick to accumulate. More recently, the pendulum seems to be 
swinging back as a number of researchers report positive results. A major 
problem in this area has been and continues to be the difficulty involved in 
comparing the work of various laboratories. What appear to be superficially 
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similar methods of procedure when they are written up in the literature often 
differ in subtle ways which render the studies incomparable. These differences 
are often semantic in nature—what one investigator calls “brain homogenate” or 
“RNA extract” often differs greatly from a substance given a similar label by 
another investigator. The most pressing need in this area at present is for a 
standardization of techniques and terminology so that researchers can work 
toward delineating the mechanisms involved in transfer. It is important to 
remember that while the transfer phenomenon is interesting in itself, it is most 
important in its role as a tool for the investigation of the larger problem of the 
nature of the chemical basis for memory. This goal must be kept in view. 

Another important point should be kept in mind in reviewing this area. The 
notion of a chemical basis for memory makes the idea of inter-animal transfer 
plausible. If such transfer exists, then we have strong evidence in support of the 
chemical view. If, however, there is no such phenomenon, this does not provide 
evidence against the chemical view, but indicates only that whatever chemical 
changes take place in memory are specific to the particular animal doing the 
learning. 

In general, however, the data seem to indicate that the inter-animal transfer 


phenomenon is a real, albeit highly elusive, effect, probably based on a 
polypeptide or small protein medium. 


chapter 


VIII 


CONCLUSION ` 


In surveying the literature in this complex area, the only fact which becomes 
clear is the lack of clarity. The view that memory, or at least long-term memory 
is chemical in its basis seems well established, and furthermore, it seems certain 
that this memory substrate must be macro-molecular in nature. The identity of 
the memory molecule (if indeed, it is a single molecule) is, however, unknown. 

The major candidates for roles in memory, as we have seen, are the nucleic 
acids and protein. DNA, an attractive choice because of its role in the encoding 
and storage of genetic information, seems on closer inspection to be an unlikely 


candidate because of its extreme stability with respect to environmental 


influences. RNA has been considered extensively, and cannot be wholly 
disregarded at this time despite a large amount of negative evidence. The 
evidence on protein also seem favorable, especially evidence obtained from 
experiments using drugs which affect protein metabolism. 

The data we have reviewed do not allow us to reject unequivocally any of the 
potential candidates for a role in memory. Even DNA may have some role, as we 
have discussed, in terms of gene activation. Theorizing in this area has begun to 
move from the rather naive and simplistic one-molecule view toward theories 
based on the more sophisticated ideas of molecular biology, especially toward 
the DNA-RNA-protein complex view involved in the new gene activation (or 
DNA derepression) theories. 

ate of knowledge (or ignorance) in 


On the whole, considering our present st 
this area, little can be said with certainty about the nature of the memory 


molecule. Indeed, in the face of some of the negative evidence We have reviewed, 
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78 Conclusion 
to hold to a strictly molecular view of memory requires something of an act of 
faith. Most probably, the extreme or strict molecular view, like most extreme 
views, is not adequate by itself, as we have discussed. In my opinion, research in 


the next few years will bring us to a position where the “molar” and 
“molecular” 


views of learning and memory discussed in Chapter II will come to 
complement each other, and the research we have reviewed in this volume will 


lead to an elucidation of the first step in a chain of events which has as its end 
result the neural encoding and readout of memory. 


At the present time, however, it is safe to say, 
little about the molecular basis of me 
however, is far less than the ignora 
reasonably hope that it will be still les 


that we still know relatively 
mory. Our present ignorance in this area, 


nee of ten years ago. We can, therefore, 
5 ten years hence, 
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